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Abstract 43 

DNA methylation plays crucial roles in cellular development and stress responses through gene 44 

regulation and genome stability control. Precise regulation of DOMAINS REARRANGED 45 

METHYLTRANSFERASE 2 (DRM2), a key de novo Arabidopsis DNA methyltransferase, is 46 

crucial to maintain DNA methylation homeostasis to ensure proper genome function. Compared 47 

to the extensive studies on DRM2 targeting mechanisms, little is known regarding the quality 48 

control of DRM2 itself. Here, we identified an E3 ligase, COP9 INTERACTING F-BOX KELCH 1 49 

(CFK1), as a novel DRM2-interacting partner that targets DRM2 for degradation via the ubiquitin-50 

26S proteasome pathway. Loss-of-function CFK1 leads to increased DRM2 protein abundancy 51 

and aberrant induction of CFK1 showed reduced DRM2 protein levels. Consistently, CFK1 52 

overexpression induces genome-wide hypomethylation and transcriptional derepression at 53 

specific DRM2 target loci. Collectively, this study uncovered a distinct regulatory mechanism 54 

safeguarding de novo DNA methyltransferase by CFK1 to control DNA methylation homeostasis. 55 

 56 

Significance Statement 57 

DNA methylation homeostasis is critical to maintain genome stability and integrity in both plants 58 

and animals. Aberrant DNA methylation (hypomethylation or hypermethylation) is often 59 

associated with abnormal development and pathological tissues. The stable DNA methylation 60 

landscape is the ultimate product of the dynamic processes of adding and removing DNA 61 

methylation. Thus, understanding how DNA methyltransferase, an enzyme catalyzing the DNA 62 

methylation, is precisely regulated for proper function is a fundamental question relevant to 63 

many species. Utilizing Arabidopsis as a model species, we investigated the under-studied 64 

degradation process of de novo DNA methyltransferase DRM2, distinct from most studies 65 

focusing on DRM2 function and targeting mechanisms. Here, we demonstrated that F-box 66 
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protein CFK1 interacts with DRM2 in vitro and in vivo. CFK1 destabilizes DRM2 by directly 67 

targeting DRM2 to ubiquitin/26S proteasome pathway for degradation. Aberrant induction of 68 

CFK1 leads to reduced DRM2 stability, and consequently induces genome-wide DNA 69 

hypomethylation and transcriptional activation at DRM2 target loci. We revealed a novel 70 

regulatory mechanism for DNA methylation homeostasis through CFK1-mediated degradation 71 

of de novo DNA methyltransferase in plants. 72 

 73 

Introduction 74 

DNA methylation is a conserved epigenetic mark that plays important roles in gene regulation and 75 

genome integrity by silencing transposons or repetitive sequences (1). Aberrant DNA methylation 76 

patterns, which can be a consequence of environmental stresses, are implicated in many 77 

diseases, including tumorigenesis and neurological disorders (2, 3). Since plants cannot escape 78 

from unpredictable environments, a precise regulation of DNA methylation is extremely important 79 

for proper growth and development under unfavorable conditions (4). 80 

In animals, DNA methylation occurs mostly in symmetric CG contexts across the genome 81 

that is established by the de novo methyltransferases DNMT3 and maintained by DNMT1 through 82 

DNA replication (5). In plants, DNA methylation can occur at cytosines in both symmetrical and 83 

asymmetrical sequence contexts: CG, CHG, and CHH (H = A, T, C) (1, 6). Domains Rearranged 84 

Methyltransferase 2 (DRM2), an orthologue of mammalian DNMT3, is responsible for de novo 85 

DNA methylation in Arabidopsis (7). The maintenance of CG methylation involves 86 

Methyltransferase 1 (MET1), orthologue of mammalian DNMT1. CHH and CHG methylation is 87 

maintained by three enzymes: DRM2, plant-specific Chromomethylase 2 (CMT2), and 88 

Chromomethylase 3 (CMT3) (8-11). 89 

Targeting of DRM2 to specific genomic regions is achieved through RNA-directed DNA 90 

methylation (RdDM) (9, 11, 12). The very first phase of the RdDM pathway involves the generation 91 
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of 24-nucleotide (nt) short interfering RNAs (siRNAs), which is a prerequisite for the targeting of 92 

DRM2 to homologous genomic sequences (13). Single-stranded RNA transcripts, generated by 93 

RNA Polymerase IV, are replicated by RNA-directed RNA polymerase 2 to produce double-strand 94 

RNAs, which are then cleaved by Dicer-like 3 into 24nt siRNAs and loaded into an Argonaute 4 95 

(AGO4) protein complex (6, 14-16). The siRNA-AGO4 complex can bind to scaffold transcripts 96 

produced by RNA polymerase V (Pol V), and then recruit DRM2 to specific target loci through 97 

complementary base paring between 24-nt siRNAs and nascent Pol V transcripts (17). DRM3 is 98 

a catalytically inactive DNA methyltransferase homologous to DRM2 and plays a role in RdDM 99 

through a physical interaction with Pol V (18, 19). Recently, DRM2 was identified to interact with 100 

DEAD box RNA helicases U2AF56 Associated Protein 56 (UAP56a/b), which has the property to 101 

associate with chromatin in reproductive tissues and maybe crucial for plant development (20). 102 

Understanding the regulation of DNA methyltransferase is fundamental for proper establishment 103 

of DNA methylation patterns to regulate biological processes. 104 

Over the years, emerging evidence has indicated that DNA methyltransferases in both  105 

mammals and plants are coordinately controlled through several levels of regulations, including 106 

post-translational modifications (PTMs) and post-transcriptional regulation by micro RNAs 107 

(miRNAs) (21). Some miRNAs play important roles in the control of DNA methyltransferases. For 108 

instance, overexpression of miR-29 family members in acute myeloid leukemia cells led to the 109 

downregulation of DNMT3a and DNMT3b at both transcript and protein levels, resulting in a 110 

reduction in global DNA methylation (22). The DRM2 gene was also reported to be regulated by 111 

miRNA (i.e. miR-773a) (23). Studies have shown that PTMs such as phosphorylation, 112 

sumoylation, and ubiquitination play an indispensable role in regulating DNA methyltransferases. 113 

Ubiquitination is a widespread PTM that is associated with protein degradation involving three 114 

enzyme families: E1 (the activating enzyme), E2 (the conjugating enzyme), and E3 (ubiquitin 115 

ligases). E3 ubiquitin ligases recruit the substrate and mediate the transfer of ubiquitin to a lysine 116 

residue of the substrate. Ultimately, the substrate is recognized by the 26S proteasome for 117 
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degradation (24, 25). Ubiquitination of DNMT1, triggered by acetylation through the 118 

acetyltransferase Tip60, is catalyzed by E3 ligase UHRF1 and then recruited to proteasomes for 119 

degradation (26). Conversely, DNMT1 is stabilized by HDAC1 and the deubiquitinase Herpes 120 

Virus-Associated Ubiquitin-Specific Protease (26). In addition, DNMT1 phosphorylation affects its 121 

protein stability, enzymatic activity, and ability to interact with other proteins including UHRF1 (27-122 

30). SUMOylation (small ubiquitin-like modifier attachment) of DNMT3a dampens its ability to 123 

interact with HDACs, whereas proteins involved in acetylation-triggered ubiquitination and 124 

deubiquitination regulate DNMT1 stability (26, 31). Similarly, Casein Kinase 2 (CK2)-mediate 125 

phosphorylation of DNMT3a represses its de novo DNA methyltransferase activity, and is required 126 

for the localization of DNMT3a to heterochromatin (32). Mutations or genetic alterations of DNMTs 127 

are associated with various diseases, including cancer, neurological diseases, and immunological 128 

diseases (33-36). 129 

In plants, very few studies have been conducted on PTMs of DNA methyltransferases. 130 

Recently, CMT3 is reported to be ubiquitinated by the ubiquitin E3 ligase JMJ24 for proteasomal 131 

degradation, which leads to reduced CHG methylation at specific endogenous loci and 132 

compromised H3K9me2 levels (13, 37). The DRM2 protein consists of N-terminal ubiquitin-133 

associated (UBA) domains and a C-terminal methyltransferase (MTase) domain. Crystal 134 

structural analysis has revealed that the dimerization through the MTase domain is crucial for 135 

DRM2 catalytic activity (17). The UBA domains are also required for DRM2 function in DNA 136 

methylation at specific loci or at a genome-wide level (17, 19). The UBA domains of Arabidopsis 137 

DRM2  bind Lys63-linked tetraubiquitin (Lys63-Ub4) and Lys48-Ub4, a signal for proteolysis (38), 138 

thus providing a potential connection of ubiquitin proteasome pathway with DRM2-mediated DNA 139 

methylation.  140 

Recent studies suggest a pivotal role of ubiquitination in DNA methylation. E3 ubiquitin 141 

ligase UHRF1-dependent ubiquitination of H3 at lysine 23 is critical for the recruitment of DNMT1 142 

to DNA replication sites and the maintenance of DNA methylation in Xenopus extracts (39). 143 
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Ubiquitination of H3 at lysine 18 by UHRF1 was also identified to be essential in DNMT1-mediated 144 

maintenance DNA methylation in mammalian cells (40). In fission yeast, ubiquitin ligase 145 

component Cul4-based ubiquitination is involved in heterochromatin formation by forming a 146 

complex with Rik1, and the Clr4 histone methyltransferase (41). Cul4 and DDB1, a homologous 147 

protein of Rik1, was reported to regulate DNA methylation through the recruitment of the histone 148 

methyltransferase DIM-5 protein to methylate H3 at lysine 9 in Neurospora (42). In Arabidopsis, 149 

H2B monoubiquitination at lysine 143 is implicated in controlling DNA methylation and gene 150 

silencing (43). Despite these studies, the connection between ubiquitination and DRM2 function 151 

as well as the general regulation of DRM2 at the post-translational level remain largely unknown. 152 

Here, we identified an F-box protein, termed COP9 SIGNALOSOME INTERACTING F-153 

BOX KELCH 1 (CFK1), as a direct interacting partner of DRM2. CFK1 functions as a substrate 154 

receptor of the SKP1-CUL1-F-boxCFK1 (SCFCFK1) ubiquitin E3 ligase complex. Consistent with the 155 

model of SCFCFK1-mediated DRM2 ubiquitylaiton and degradation, we found that CFK1 regulates 156 

both DRM2 protein levels and the DNA methylation status on its target loci. Our findings reveal 157 

an important regulatory mechanism for abundance control of de novo methyltransferase DRM2 158 

through SCFCFK1 proteasome degradation pathway. 159 

Results  160 

DRM2 protein is degraded through the 26S proteasome pathway 161 

Arabidopsis DRM2 possesses a rearranged C-terminal methyltransferase domain and N-terminal 162 

three tandem UBA domains. UBA domains are evolutionarily conserved from yeast to humans 163 

and normally associate with poly-ubiquitin chains, signals recognized by the 26S proteasome for 164 

protein degradation (17, 44). DRM2 UBA domains were shown to bind to poly-ubiquitin chains 165 

with preference for Lys63-linked chains in vitro (38). To determine whether DRM2 is degraded by 166 

the 26S proteasome, we treated the Arabidopsis seedlings expressing FLAG-tagged DRM2 167 

driven by its native promoter in drm1 drm2 (pDRM2::gDRM2-FLAG/dd) with MG132, a 168 
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membrane-permeable proteasome inhibitor known to block the degradation of ubiquitin-labeled 169 

proteins (45). We noted a slightly increased DRM2 protein level upon MG132 treatment relative 170 

to the mock treatment (Fig 1A), suggesting that DRM2 protein is degraded through the 26S 171 

proteasome pathway.  172 

As a further confirmation, we transiently expressed pDRM2::gDRM2-FLAG in Nicotiana 173 

benthamiana by agroinfiltration for 24 hours and then inoculated the leaves with MG132 for an 174 

additional 16 hours. DRM2-FLAG proteins were immunoprecipitated using anti-FLAG beads and 175 

examined for ubiquitination using anti-ubiquitin antibodies. An increased amount of poly-176 

ubiquitinated DRM2 was observed after MG132 treatment, as evidenced by the higher molecular 177 

mass forms of DRM2 (Fig 1B). We also performed similar experiment in Arabidopsis using 178 

pDRM2::gDRM2-FLAG/dd lines. Consistently, we found an increased level of ubiquitinated DRM2 179 

in MG132-treated samples detected with ubiquitin antibodies (Supplemental Figure 1). Together, 180 

these results suggest that the degradation of DRM2 protein is likely dependent on the 181 

ubiquitin/26S proteasome pathway. 182 

 183 

CFK1 interacts with DRM2 in vitro and in vivo 184 

Our prior DRM2 affinity purification and mass spectrometry identified several interesting proteins 185 

involved in the ubiquitylation pathway, including an E2 ubiquitin conjugating enzyme, a subunit of 186 

a RUB-activating enzyme analogous to the E1 ubiquitin-activating enzyme (ECR1), and a 187 

ubiquitin family protein (17), indicating that DRM2 is likely targeted by an SCF ubiquitin E3 ligase. 188 

To identify the potential E3 ligase for DRM2, we searched through a group of conserved F-box 189 

proteins identified previously (46, 47) and then directly tested their pairwise interactions with 190 

DRM2 using yeast two-hybrid analysis. We discovered COP9 SIGNALOSOME INTERACTING 191 

F-BOX KELCH 1 (CFK1), whose orthologues were previously identified in 15 out of 18 plant 192 

species (46), as a potential candidate (Fig 2A). CFK1 consists of a putative F-box domain at its 193 

N-terminus and two kelch repeats within its C-terminal substrate recognition domain 194 
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(Supplemental Figure 2A). It has been previously shown to interact with Arabidopsis S-PHASE 195 

KINASE-ASSOCIATED PROTEIN 1-LIKE 1 (ASK1) to form an SCF ubiquitin ligase complex with 196 

two other subunits, Cullin 1 (CUL1) and Rbx1 (48, 49). To further verify this interaction, we 197 

examined its interaction with both ASK1 and ASK2, the two major SKP1 (S-phase kinase-198 

associated protein 1) proteins in Arabidopsis (50, 51). Our yeast two-hybrid assay confirmed that 199 

CFK1 interacts with both ASK1 and ASK2 (Fig 2A), suggesting that CFK1 is a bona fide F-box 200 

protein that may target DRM2 for ubiquitylation and degradation.  201 

To validate the interaction between CFK1 and DRM2, we performed a split luciferase 202 

complementation assay by fusing DRM2 and CFK1 to N-terminal luciferase (nLuc) and C-terminal 203 

luciferase (cLuc), respectively. After co-inoculation in N. benthamiana, luminescence was 204 

detected only with co-infiltrated DRM2-nLuc and cLuc-CFK1, but not with the negative controls 205 

(Fig 2B). We also conducted a bimolecular fluorescence complementation assay by fusing the 206 

DRM2 to the C-terminal fragment of YFP (175-239, DRM2-YFPC) and the CFK1 to the N-terminal 207 

part of YFP (1-173, YFPN-CFK1), and co-expressing them in N. benthamiana. We detected the 208 

fluorescence signals in the nucleus of leaves with the co-inoculation of YFPN-CFK1 and DRM2-209 

YFPC, but not the negative vector controls, suggesting that DRM2 interacts with CFK1 (Fig 2C). 210 

To further confirm DRM2-CFK1 interaction in vivo, we performed a co-immunoprecipitation (Co-211 

IP) experiment in N. benthamiana leaves co-expressing p35S::CFK1-HA and pDRM2::gDRM2-212 

FLAG. We found that CFK1 was co-precipitated with DRM2, but not the empty vector control, 213 

confirming the interaction between DRM2 and CFK1 (Fig 2D). Consistent with our previous mass 214 

spectrometry data (17), we demonstrated the interaction between DRM2 and ASK1 by both split 215 

luciferase and bimolecular fluorescence complementation assays (Supplemental Figures 2B-C). 216 

Taken together, these results show that DRM2 interacts with SCFCFK1 ubiquitin ligase through 217 

direct association with F-box protein CFK1. 218 

 219 

CFK1 destabilizes DRM2 protein 220 



 10 

Given the DRM2-CFK1 interaction, we investigated whether CFK1 regulates DRM2 protein level. 221 

First, we compared DRM2 protein levels in the presence or absence of CFK1 by transforming 222 

pDRM2::gDRM2-HA plasmid into wild type Col-0 and cfk1 mutant protoplasts. Vector containing 223 

only GFP was co-transformed with DRM2 to monitor the transformation efficiency. Compared to 224 

the WT that has a functional CFK1, DRM2 protein level was increased in cfk1 mutants (Fig 3A). 225 

Next, we checked the DRM2 protein abundance by overexpressing CFK1 in N. benthamiana 226 

leaves and noted a slight reduction of DRM2 levels relative to the control when CFK1 is 227 

overexpressed (Fig 3B). The reduction of DRM2 protein was not observed when overexpressing 228 

HDA9, a negative control that does not regulate the stability of DRM2 (Supplemental Figure 3). 229 

To test whether CFK1 regulates DRM2 transcript level, we determined the DRM2 mRNA 230 

transcript in cfk1 mutant and found a similar RNA level as that of WT (Supplemental Fig 4A). 231 

These results suggest that CFK1 negatively regulates DRM2 protein abundance. To further 232 

investigate the regulation of DRM2 by CFK1 in planta, we utilized an estrogen receptor-based 233 

inducible system to transiently induce CFK1 overexpression in pDRM2::gDRM2-FLAG transgenic 234 

Arabidopsis plants. Upon induction by b-estradiol, an inducer that regulates a chimeric 235 

transcription activator XVE, we noticed an elevated CFK1 protein level companied with a slightly 236 

reduced DRM2 protein level (Fig 3C). Taken together, these data suggest that CFK1 regulates 237 

DRM2 protein abundance in planta.  238 

 239 

DRM2 is degraded through CFK1-mediated proteasome pathway 240 

We showed that DRM2 protein stability is regulated through the 26S proteasome and by CFK1. 241 

This prompted us to hypothesize that DRM2 is targeted for degradation through the SCFCFK1-242 

mediated proteasome pathway. To test this hypothesis, we generated stable DRM2-FLAG tagged 243 

lines in WT and cfk1 mutant background (pDRM2::gDRM2-FLAG/WT and pDRM2::gDRM2-244 

FLAG/cfk1) and examined the abundance of DRM2 protein after MG132 application. The 245 

knockout of the CFK1 gene in pDRM2::gDRM2-FLAG/cfk1 was confirmed by genotyping PCR 246 
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(Supplemental Figure 4B). To test whether DRM2-FLAG transgene is functional, we transformed 247 

the same pDRM2::gDRM2-FLAG into drm1 drm2 (dd) mutant (termed as pDRM2:gDRM2-248 

FLAG/dd). We determined the ability of DRM2 transgene in rescuing dd mutant by examining the 249 

DNA methylation at a well-known DRM2 target, AtSN1, by Chop-PCR. Three independent 250 

pDRM2:gDRM2-FLAG/dd T1 transgenic lines showed successful rescues of the loss of DNA 251 

methylation by dd as illustrated by visible bands after methylation sensitive enzyme HaeIII 252 

digestion (Supplemental Figure 4C), suggesting that the DRM2 transgene is biologically functional.  253 

Consistent with Fig 1A, DRM2 protein level was increased upon MG132 treatment of two 254 

independent lines in WT relative to mock treatment (Fig 3D). In contrast, no noticeable change 255 

was observed in the cfk1 mutant with or without MG132 treatment (Fig 3D). The difference of 256 

protein abundance is not due to the transcriptional regulation as similar DRM2 mRNA level was 257 

detected in pDRM2::gDRM2-FLAG/WT and pDRM2::gDRM2-FLAG/cfk1 (Supplemental Figure 258 

4D). To further confirm CFK1-mediated DRM2 degradation, we examined the half-life of DRM2 259 

protein in cfk1 mutant and WT with cycloheximide (CHX) treatment, a well-known protein 260 

synthesis inhibitor (52). We found that DRM2 half-life was prolonged in cfk1 compared to WT (Fig 261 

3E, Supplemental Figure 5). Taken together, these results suggest that CFK1 mediates the 262 

degradation of DRM2 via 26S proteasome pathway.  263 

 264 

CFK1 regulates DNA methylation and transcription of DRM2 target loci 265 

DRM2 is a DNA methyltransferase predominantly acting on transposable elements (TEs) and 266 

repetitive DNA sequences in Arabidopsis (9, 11). To determine whether the negative regulation 267 

of CFK1 on DRM2 protein affects the DNA methylation, we performed whole genome bisulfite 268 

sequencing (BS-seq) on Col-0, drm2, and two independent p35S::CFK1-FLAG  lines (refer to 269 

CFK1_L1 and CFK1_L2). The CFK1 mRNA level was increased 4-7 times in both lines and we 270 

detected a higher protein level in flowers than seedlings (Supplemental Figure 6A-B), therefore, 271 

we utilized the flower tissue for the following BS-seq. We noticed a genome-wide reduction of 272 
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CHH methylation, but not CG and CHG methylation in both CFK1_L1 and CFK1_L2 lines (Fig 4A 273 

and Supplemental Figure 7A). Global reduction was also shown over the body of TEs albeit to a 274 

lesser extent as drm2 (Fig 4B). We then questioned whether CFK1 regulates DRM2-mediated 275 

DNA methylation. To this end, we determined the differentially methylated regions (DMRs) of 276 

CFK1_L1 and CFK1_L2 and found the majority of them are hypo DMRs in CHH context, similar 277 

as drm2 DMRs (Supplemental Figure 7B). We identified 1,459 and 1,238 CHH hypo DMRs in 278 

CFK1_L1 and CFK1_L2, respectively, and found that ~75% of these DMRs was overlapped with 279 

those of drm2 (Fig 4C). Further analysis of CFK1-specific DMRs revealed a significant reduction 280 

of CHH methylation in drm2 mutant (Fig 4C-D), suggesting that these DMRs are likely the weak 281 

DRM2 targets. Consistent with the role of CFK1 in regulation of DRM2, we found that CFK1 282 

preferentially targets the promoters and TEs, particularly those of RC/Helitron and DNA/MuDR 283 

families (Fig 4E and Supplemental Figure 7C), similar to DRM2 (53). These results suggest that 284 

CFK1 regulates DRM2-mediated CHH methylation.  285 

Next, we investigated whether a reduction in CHH methylation at DRM2 target loci is 286 

correlated with transcriptional changes. We examined the transcript levels of TEs and genic 287 

regions that have reduced CHH methylation in CFK1_L1, CFK1_L2 and drm2 (Fig 4F) by 288 

quantitative RT-PCR. As shown in Fig 4G, the expression of At1g03230, At1TE57315, 289 

At1TE32230, and AT3G01085 was significantly elevated in CFK1_L1 and CFK1_L2, resembling 290 

of a null drm2 mutant (Fig 4G). Taken together, these results suggest that CFK1 regulates the 291 

DRM2-mediated DNA methylation and transcription of DRM2 target loci. 292 

 293 

Discussion 294 

In this study, we investigated how a DNA methyltransferase is precisely regulated to 295 

ensure proper function, by focusing on its degradation process. The turnover of DRM2 protein 296 

within cells is important to establish and maintain a balanced level of DNA methylation. We 297 

identified CFK1, an F-box protein of SCF E3 ligase complex, as a novel DRM2 interacting partner 298 
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regulating DRM2 protein stability via 26S proteasome pathway (Fig 3) and DNA methylation 299 

status at DRM2 target loci (Fig 4). In plants, the transcriptional regulation of ROS1, a DNA 300 

demethylase, by DNA methylation acts as a self-regulating epigenetic rheostat to ensure the 301 

balance between methylation and demethylation activities (11). Unlike most targets, ROS1 302 

transcription is promoted by DNA methylation within the promoter region regulated by RdDM 303 

pathway, which in turn demethylates itself and other loci to control the overall level of DNA 304 

methylation (54, 55). Here we uncovered a new layer of regulation by fine-tuning DRM2 protein 305 

at the post-translational level to maintain DNA methylation homeostasis.  306 

           The mechanism underlying CFK1-mediated DNA methyltransferase studied here shares 307 

both similar and distinct features with that of UHRF1. In mammals, the de novo DNA 308 

methyltransferase DNMT3A is degraded by UHRF1/2 E3 ligase as evidenced by decreased 309 

DNMT3A protein level in UHRF1/2 overexpression, and consequently results in DNA 310 

hypomethylation (56). Consistently, CFK1 induction leads to a reduced DRM2 protein level and 311 

ultimately a decreased DNA methylation at DRM2 target loci at the genome-wide level in 312 

Arabidopsis. UHRF1 is well characterized for its role as a ubiquitin E3 ligase of DNMT1 in 313 

regulating DNA methylation maintenance (26). However, it is unlikely that CFK1 is involved in 314 

regulating MET1 (DNMT1 homolog in Arabidopsis)-mediated CG methylation maintenance 315 

because CFK1 lacks SRA domain, which is present in UHRF1 that binds to hemi-methylated DNA 316 

and recruits DNMT1 (30). We found that the global CG methylation level is unchanged when 317 

overexpressing CFK1 (Supplemental Figure 7A). Also, VIM proteins, a homolog of UHRF1 in 318 

Arabidopsis, has been reported to be functional ubiquitin E3 ligases and are implicated in the 319 

maintenance of CG DNA methylation in cooperation with MET1 (57, 58). Therefore, our results 320 

suggest that CFK1 may be a plant-specific E3 ligase for DRM2 in Arabidopsis. 321 

CFK1 was previously identified as an F-box protein of SCF E3 ubiquitin ligase complex 322 

(48). Consistently, we also found CFK1 interacts with ASK1 (Fig 2A), a conserved SCF subunits 323 

binding F-box proteins (59). F-box proteins recognize target proteins and mediate the ubiquitin 324 
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transfer from E2 ubiquitin conjugating enzymes to substrates (59-61). A 76-amino-acid ubiquitin 325 

is added sequentially to the target protein as a signal for proteasome degradation (25, 62). We 326 

postulated that CFK1 regulates the poly-ubiquitination of DRM2. Despite extensive efforts, we 327 

were unable to detect the ubiquitination level change of DRM2 between cfk1 knockout mutants 328 

and wild type Col-0 plants. One possible reason is that endogenous F-box proteins are unstable 329 

and subject to SCF-mediated ubiquitination (63). It has been shown that CFK1 stability itself is 330 

regulated by proteasome-dependent proteolysis (48). Another possible reason is that ubiquitin-331 

dependent protein degradation is enhanced by small molecules. For example, plant hormone 332 

auxin, responsive to environmental stimuli, induces the degradation of transcriptional repressor 333 

AUX/IAA by functioning as a “molecular glue” to enhance the interaction between F-box protein 334 

TIR1 and AUX/IAA (64). The experiments we performed were under normal condition, which 335 

could also explain why we always observed a low fold change at DRM2 protein levels in loss-of-336 

function CFK1 (Fig 3). Therefore, identifying signals that promote CFK1-DRM2 interaction may 337 

provide further insights into CFK1-mediated ubiquitination and degradation of DRM2.  338 

DRM2 is responsible for de novo DNA methylation and maintenance CHH methylation (7, 339 

65). Mutation in DRM1/2 results in DNA hypomethylation (66). Here, we also detected a global 340 

reduction of CHH DNA methylation level in CFK1 overexpression lines that have reduced DRM2 341 

protein level (Fig 4A and Supplemental Figure 7A). Increased DRM2 protein abundancy in cfk1 342 

mutants is expected to induce DNA hypermethylation. However, we did not detect increased DNA 343 

methylation in the mutants. In mouse embryonic carcinoma cells knocking down UHRF2 (E3 344 

ligase of DNMT3A), only 0.25% increase of 5-mC methylation in total cytosine was detected (56). 345 

A possible explanation is that additional small increase within already highly methylated loci is 346 

challenging to be detected by methylation-sensitive enzyme digestion, as shown in ros1 mutant, 347 

which has high DNA methylation (67, 68).  348 

DNA methylation and repressive histone marks, H3K9me, are highly correlated with gene 349 

silencing (13). Recent study revealed that the RING motif of JMJ24, instead of the JmjC domain 350 
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that is well characterized with histone demethylase activity (37, 69), is required for regulating CHG 351 

methylation and H3K9me2, to reinforce transcriptional silencing (37, 69, 70). Rbx1, the core 352 

subunit in SCF complex, contains the RING domain (71, 72). Therefore, it would be interesting to 353 

investigate whether SCFCFK1 also regulates the histone methylation, which could provide further 354 

insights into DRM2-mediated DNA methylation and histone modifications. 355 

The ubiquitin-mediated degradation system plays a vital role in removing abnormal 356 

proteins arose during stress conditions to maintain cellular homeostasis and growth (73, 74). It is 357 

reported that DNA methylation is involved in stress response. DNA methylation mutants met1 and 358 

drm1 drm2 cmt3 (ddc) displayed enhanced resistance to Pseudomonas 359 

syringae pv. tomato DC3000 infection (75, 76). Various abiotic and biotic stress factors can lead 360 

to the dynamic changes in DNA methylation (77). For instance, centromeric repeats in wild type 361 

were hypomethylated after Pst infection (78). It will be interesting to investigate whether SCFCFK1-362 

mediated DRM2 degradation also plays a role in stress response. Findings from such studies may 363 

shed light on how plants respond to environmental stimuli through epigenetic regulation. 364 

 365 

Materials and Methods 366 

Plant Materials and Growth Conditions 367 

All Arabidopsis used here were in the Columbia (Col-0) ecotype background. The T-DNA insertion 368 

mutant cfk1 (WiscDsLox506C02) was obtained from Arabidopsis Biological Resource Center. 369 

The drm1 drm2 and drm1 drm2 cmt3 mutants were from Dr. Steven Jacobsen’s lab (79, 80). The 370 

seeds were surface sterilized with 70% ethanol plus 0.01% Triton X-100 for 15 minutes, washed 371 

twice with 100% ethanol, and then sprinkled onto plates containing half-strength Murashige and 372 

Skoog medium (½ MS) and 0.8% agar. The seeds on ½ MS plates were kept in the dark at 4oC 373 

for 3 days for seed stratification, and then moved to the growth room with a light intensity of 100 374 

µmol m-2 s-1 with 24h light at 22oC. The 10-day-old seedlings were then transferred into soil and 375 
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grown under a set of fluorescent lamps (Philips; 40W) at 100 µmol m-2 s-1 and 16h light/8h dark 376 

at 23oC for desired developmental stages.   377 

 378 

MG132, b-estradiol, and Cycloheximide Treatment 379 

For MG132 treatment, 10-day-old seedlings grown on ½ MS plates were transferred to liquid ½ 380 

MS with either dimethyl sulfoxide (DMSO) (control) or 50 µM MG-132 (Ready Made Solution, 381 

Sigma; M7449), and incubated for 16h under continuous light with gentle shaking. For the 382 

protoplast assay, DMSO or 50 µM MG132 was added after incubation of transfected protoplasts 383 

with indicated constructs overnight and incubated for 6 hours. For N. benthamiana inoculation, 50 384 

µM MG-132 was injected into the lower epidermis of the leaves for 16h after transient expression 385 

of indicated proteins for 24h.  386 

For estradiol induction, a 25 mM 17-b-estradiol (Sigma; E8875) stock solution was 387 

prepared in DMSO. The seeds were directly germinated and grown on ½ MS medium plates 388 

supplemented with 2 µM inducer b-estradiol for 7 days before collecting samples for immunoblot 389 

analysis. 390 

For cycloheximide (CHX) treatment, 10-day-old seedlings grown on ½ MS plates were 391 

transferred to liquid ½ MS with 500 µM CHX (Dot Scientific Inc., DSC81040-1) for the indicated 392 

time followed by the immunoblot analysis.  393 

 394 

Construction of Plasmids and Generation of Transgenic Plants  395 

For the generation of p35S::CFK1-FLAG transgenic plants, the coding sequences of CFK1 was 396 

amplified from Arabidopsis cDNA, digested with BamHI/SalI, and ligated into a BamHI/SalI 397 

digested pCAMBIA1306 vector. For the inducible promoter, the coding sequences of CFK1 fused 398 

with HA at the C-terminal were PCR-amplified, digested with restriction enzymes XhoI/SpeI, and 399 

ligated into a XhoI/SpeI digested b-estradiol-inducible XVE pER8 vector (81). Primers are listed 400 
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in Supplemental Table 1. For the generation of pDRM2::gDRM2-FLAG transgenic plants and 401 

pDRM2::gDRM2-HA transient expression in protoplasts, DRM2 was amplified from Arabidopsis 402 

gDNA, digested with EcoRI/SalI and ligated into EcoRI/SalI digested pPZP212 (82) and HA-403 

tagged pCAMBIA1300 vectors, respectively. All constructs were transformed into Agrobacterium 404 

tumefaciens (Strain GV3101) and the recombinant strains were then transformed into cfk1 mutant 405 

or wild-type plants by the floral dip method (83).  406 

For yeast two-hybrid screen, the coding sequences of CFK1, ASK1, and ASK2 were 407 

directly amplified from three-day-old Col-0 seedling cDNA using the corresponding primers. The 408 

resulting CFK1 cDNA fragments were digested and ligated into the BamHI/NotI sites in a yeast 409 

two-hybrid bait vector pGBK-T7 (Clontech).  Both ASK1 and ASK2 coding sequences were 410 

digested and cloned into the EcoRI/BamHI sites in a yeast two-hybrid prey vector pGAD-T7 411 

(Clontech). The coding sequence of DRM2 was amplified from cDNA and digested by 412 

EcoRI/BamHI, and then fused in-frame to the 3’-end of the activation domain on pGAD-T7 413 

(Clontech). 414 

DRM2 and CFK1 were amplified from Arabidopsis cDNA, digested with BamHI/SalI. For 415 

SLCA, they were ligated into BamHI/SalI-digested pCAMBIA1300-nLUC and pCAMBIA1300-416 

cLUC vectors, respectively. For BiFC assay, they were ligated with BamHI/SalI-digested pXY104 417 

and pXY106, respectively. For co-immunoprecipitation assay, they were ligated into BamHI/SalI-418 

digested FLAG-tagged pCAMBIA1306 and HA-tagged pCAMBIA1300 vector.  419 

 420 

Yeast Two-Hybrid Screen 421 

To test protein-protein interactions in yeast, the bait and prey vectors were separately 422 

transformed into two haploid yeast strains, AH109 and Y187 (Clontech), respectively, and then 423 

mated in pairs to generate diploid yeast cells that co-expressed both bait and prey proteins 424 

examined.  The positive interactions were verified by growing the mated diploid yeast cells on a 425 

quadruple synthetic dropout media lacking Ade, His, Leu, and Trp and supplemented with 5-426 
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Bromo-4-chloro-3-indolyl-α-D- galactopyranoside (X-α-Gal, 40 mg/L).  Positive protein-protein 427 

interaction was determined by the growth of yeast cells with blue coloration resulting from 428 

activation of three reporter genes, ADE2, HIS3, and MEL1. 429 

 430 

Bimolecular Fluorescence Complementation Assay 431 

For the BiFC assay, yellow fluorescence protein (YFP) was dissected into two fragments: The N-432 

terminus (YFPN) and the C-terminus of YFP (YFPC). CFK1 was cloned and fused with YFPN and 433 

DRM2 was fused with YFPC. YFPN-CFK1 and DRM2-YFPC were then transformed into the 434 

Agrobacterium tumefaciens strain GV3101. Agrobacterium cultures were grown at 30oC overnight 435 

in LB medium containing antibiotics (50 µM spectinomycin), resuspended in infiltration medium 436 

(100 mM MgCl2, 10 mM MES, pH 5.6, 200 mM acetosyringone) to an OD600 ~0.1, and infiltrated 437 

into the lower epidermis of young N. benthamiana leaves using a needleless syringe. After 36h 438 

to 48h, the YFP signal was analyzed by a Nikon A1R confocal microscope.  439 

 440 

Split Luciferase Complementation Assay 441 

The split luciferase complementation assay was performed as previously described (84). In brief, 442 

the luciferase protein (LUC) was dissected into two fragments: The N-terminus (2-410) and the 443 

C-terminus (399-550) of LUC. CFK1 and DRM2 were cloned and fused with cLUC and nLUC, 444 

respectively. Agrobacterium tumefaciens transformed with CFK1-cLUC and DRM2-nLUC were 445 

grown in LB medium at 30oC overnight and resuspended in infiltration medium (same as above) 446 

to OC600 ~ 0.1. The bacterial suspensions were infiltrated into the lower epidermis of young N. 447 

benthamiana leaves for 36h to 48h. Luciferin (Promega; P1041) was used as the substrate for 448 

firefly luciferase activity analysis. The luciferase activity was measured using chemiluminescence 449 

by ImageQuantTM LAS 4000. 450 

 451 

Protoplast Transfection 452 
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Protoplasts were isolated from 3 to 4 week-old Arabidopsis plants (Col-0, cfk1, DRM2-FLAG 453 

tagged plants) according to the Yoo et al. protocol (85). Leaves were cut from the plants and the 454 

upper epidermis of the leaves was fixed to tape (1st). Then, the lower epidermis of the leaves was 455 

peeled by clear tape (2nd). The 1st tape with the leaves was immersed by dipping the peeled lower 456 

epidermis into the enzyme solution (0.4 M Mannitol, 20 mM KCl, 20 mM MES pH 5.7, 1.5% wt/vol 457 

cellulose R10 [Yakult Pharmaceutical Industry Co, LTD], and 0.4% wt/vol macerozyme R10 458 

[Yakult Pharmaceutical Industry Co, LTD]. The enzyme solution was warmed at 55oC for 10 min 459 

and then cooled down to room temperature. 10 mM CaCl2, 5 mM b-mercaptoethanol, and 0.1% 460 

BSA were then added and the solution was incubated at room temperature in the dark with gentle 461 

shaking for 2 h. After digestion, protoplasts were filtered through 75-µM nylon mesh and washed 462 

with 10 mL chilled W5 solution (2 mM MES pH 5.7, 154 mM NaCl, 125 mM CaCl2, and 5 mM KCl) 463 

twice. Protoplasts were resuspended in W5 solution and recovered on ice for 40 min. We then 464 

collected the protoplasts by centrifuging and re-suspending in MMg solution (4 mM MES pH5.7, 465 

0.4 M mannitol, and 15 mM MgCl2). Protoplasts were counted and 106 protoplasts were 466 

transfected with 10 µg of the indicated constructs (DRM2-HA, CFK1-HA or HA empty vector) by 467 

40% PEG solution (40% v/v PEG 4000 (Sigma; 81240), 0.2 M mannitol, and 100 mM CaCl2) for 468 

20 min at room temperature. W5 solution was added to stop the incubation and the protoplasts 469 

were re-suspended in W5 solution. The samples were incubated overnight under the dark at room 470 

temperature in a 6-well tissue culture plate, followed by immunoblot analysis. 471 

 472 

Immunoprecipitation and Co-Immunoprecipitation Assay 473 

Immunoprecipitation experiment was performed as previously described (86, 87). For DRM2 474 

ubiquitination, DRM2-FLAG was expressed in Nicotiana benthamiana for 24 hours and then 475 

inoculated with infiltration buffer (100 mM MgCl2, 10 mM MES, pH 5.6, and 200 mM 476 

acetosyringone) containing DMSO or 50 µM MG-132 for 16 hours before samples were collected 477 
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for immunoprecipitation assay. About half a gram of infiltrated N. benthamiana leaves was ground 478 

into powder and homogenized in 2 ml IP buffer (50 mM Tris·HCl, pH 8, 150 mM NaCl, 5 mM 479 

MgCl2, 5% glycerol, 0.1% Nonidet P-40, 1 mM DTT, 1 mM PMSF, and protease inhibitor cocktail 480 

tablet [Roche; 14696200). After centrifuging at 10,000g for 15 minutes at 4oC, the supernatant 481 

was incubated with 5 µl a-FLAG M2 magnetic beads and rotated at 4oC for 2.5 hours. The bead-482 

bound complex was washed four times with IP buffer at 4oC for 5 min each. Bound protein was 483 

released from beads by boiling in 2X SDS sample loading buffer and analyzed by immunoblotting 484 

with a-FLAG and a-ubiquitin antibodies. 485 

Co-IP was performed as previously described (88). Agrobacterium transformed with 486 

CFK1-HA, DRM2-FLAG and empty FLAG vectors was cultured overnight and re-suspended in 487 

infiltration buffer. CFK1-HA with either DRM2-FLAG or empty FLAG vector were co-infiltrated in 488 

3-week-old N. benthamiana leaves. The infiltrated leaves were collected two days after infiltration. 489 

Half a gram of each sample was ground in liquid nitrogen and total protein was extracted by 490 

adding 1 mL Co-IP buffer (10 mM HEPEs pH7.5, 100 mM NaCl, 1 mM EDTA, 10% Glycerol, 0.5% 491 

NP-40, 1 mM PMSF and one pellet of the protease inhibitor/10 mL [Roche; 14696200]). The 492 

mixture was rotated at 4oC in a rotator for 10 min, and subsequently centrifuged at 10,000 rpm at 493 

4oC. The supernatant was incubated with 5 µl FLAG magnetic beads with constant rotation at 4oC 494 

for 2h. The beads were collected and washed once with Co-IP buffer without NP-40. Bound 495 

proteins were released from beads by boiling in 40 µl 2X SDS sample loading buffer and analyzed 496 

by immunoblotting with a-FLAG and a-HA antibodies.  497 

 498 

Immunoblots 499 

Total protein was extracted with 5% SDS, separated on a 10% SDS-PAGE gel, and transferred 500 

to a nitrocellulose membrane. The membrane was blocked with 3% milk and incubated with 501 

horseradish peroxidase-conjugated anti-FLAG (Sigma; A8592) or anti-HA (Roche; 12013819001). 502 
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For immunoblotting with the ubiquitin antibody, the nitrocellulose membrane was rinsed 503 

with 1X TBST buffer (20 mM Tris, pH7.5, 150 mM NaCl, 0.1% Tween 20) for 5 minutes after 504 

transfer. The membrane was then placed in a sandwich between two pieces of Whatman filter 505 

paper. The sandwich was submerged in deionized water in between two beakers (1000 ml and 506 

500 ml) and then autoclaved for 20 minutes on a liquid cycle. After autoclaving, the membrane 507 

was incubated in blocking solution (1X TBST containing 3% BSA) for 1 hour with gentle shaking 508 

and then incubated with primary a-ubiquitin antibody (1X TBST containing 3% BSA) at 4oC 509 

overnight. The membrane was washed three times with 1X TBST for 5 minutes each and 510 

Incubated with secondary antibody (goat anti-rabbit IgG, HRP, 1:5000 dilution) in 1X TBST 511 

containing 3% BSA for 1.5 hours. Immunoblots were developed using Clarity Western ECL 512 

substrate (Clarity Western Peroxide Reagent and Clarity Western Luminol/Enhancer Reagent) 513 

from Bio-rad for digital imaging. 514 

 515 

RNA extraction and quantitative RT-PCR 516 

Samples were collected from 10-day-old seedlings grown under continuous light at 22oC. Total 517 

RNA was extracted with PureLinkTM RNA mini Kit (Invirogen; 12183025). 1 µg RNA was treated 518 

with DNase I (NEB; M0303) and reverse transcribed into cDNA using First Strand cDNA Synthesis 519 

(NEB; M0368). Quantitative PCR was performed by CFX96 Real-Time System (BioRad) using 520 

Vazyme 2X ChamQ reagent for three technical replicates of each sample. The transcript level 521 

was calculated in relative to ACTIN-7. 522 

 523 

Chop-PCR by McrBC  524 

Genomic DNA was extracted from Col-0 and CFK1-FLAG transgenic plants. 100 mg 10-d-old 525 

Col-0 and CFK1-FLAG transgenic seedlings were ground into powder. 400 µl Extraction Buffer 526 

(0.35 M Sorbitol, 100 mM Tris·HCl, 5 mM EDTA) was added into the powder and vortexed for 30 527 
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seconds. 400 µl Lysis Buffer (200 mM Tris·HCl, 50 mM EDTA, 2 M NaCl, 2% CTAB) and 27 µl 528 

10% Sarkosyl were added and then gently inverted. Next, samples were incubated at 65oC for 30 529 

minutes. 650 µl chloroform: isoamyl alcohol (24:1) mixture was added and then centrifuged at 530 

maximum speed for 10 minutes at 4oC. The upper phase was transferred and 0.7 volume 531 

isopropanol was added before centrifuging at maximum speed for 10 minutes at 4oC. The pellet 532 

was washed with 500 µl 70% ethanol and centrifuged for 5 minutes. The DNA was air-dried and 533 

ddH2O was added to dissolve.  534 

A total of 5 µg genomic DNA was mixed with 1X NEB buffer 2, 100 µg/ml BSA, and 1 mM 535 

GTP to 38 µl volume, and then divided into two equal 19 µl aliquots. 1 µl McrBC enzyme (NEB, 536 

10 units/µl) was added to one aliquot, and 1 µl H2O was added to the second aliquot as mock 537 

treatment. Both aliquots were incubated at 37oC for 2 hours, then heat inactivated at 65oC for 20 538 

minutes. 2 µl of each sample was used for PCR reaction. The primers for McrBC digestion are 539 

listed in Supplemental Table 1. Real-time PCR was performed by the BioRad CFX96 Real-Time 540 

System using the Vazyme 2X ChamQ reagent for three technical replicates of each sample. 541 

 542 

Whole genome Bisulfite sequencing and analysis 543 

A total of 1 µg DNA was used for the generation of bisulfite sequencing library as previously 544 

described (89). In brief, genomic DNA was isolated from flower tissue using DNeasy Plant Mini 545 

Kit (Qiagen 69104) and 1 µg DNA was sheared to 300 – 400 bp using Covaris S220 SonoLab 546 

7.5. The sheared DNA was used to prepare library with Illumina TruSeq DNA PCR-Free Low 547 

Throughput Library Prep Kit (Illumina, 20015962).  Bisulfite treatment was followed using EZ 548 

DNA Methylation-Gold Kit (Zymo Research, D5006) and library was enriched by 10 cycles PCR 549 

amplication using Kapa HiFi HotStart Uracil ReadyMix (Kapa Biosystems, KK 2801). Library 550 

was validated using the chloroplast gene and sanger sequencing to ensure the conversion of 551 
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cytosine (C) to thymine (T). Library was sequenced on Illumina Hiseq 4000 with 50 bp single 552 

end reads.  553 

The raw sequence reads were trimmed with Trimmomatic-0.39 (90) and then mapped to 554 

Arabidopsis TAIR10 reference genome with BSMAP-2.90 (91). Samtools-1.9 (92) was used to 555 

filter the mapping results to keep uniquely mapped reads. The number of methylated and 556 

unmethylated reads of cytosines was called using methratio.py BSMAP-2.90 and only cytosines 557 

with coverage ≥ 5 were used for further analysis. For differentially methylated regions (DMR) 558 

calling, both Methylkit-1.12.0 (92) and Fisher's exact test were used. Only windows significant in 559 

both methods were kept. Bedtools-v2.29.0 (93) and DeepTools-3.3.1 (94) were used to 560 

generate data for metaplot. 561 

 562 

Data Availability 563 

All sequencing data used in this study are available under NCBI GEO accession number 564 

(GSE148553). 565 
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 796 
Figure legends 797 

 798 

Figure 1. DRM2 is degraded through 26S proteasome pathway. 799 

(A) Immunoblot analysis showing DRM2 protein level in Arabidopsis seedlings expressing 800 

FLAG-tagged DRM2 under the control of its native promoter (pDRM2::gDRM2-FLAG) with or 801 

without MG132 treatment from two biological replicates (Rep 1 and Rep 2). ACTIN was used as 802 

a control. Numbers indicate the relative band intensity ratio of DRM2-FLAG to ACTIN, quantified 803 

by ImageJ.  804 

(B) Immunoblot analysis showing the ubiquitinated DRM2 protein immunoprecipitated from N. 805 

benthamiana leaves transiently expressing pDRM2::gDRM2-FLAG. 806 

 807 

Figure 2. CFK1 interacts with DRM2 in vitro and in vivo.  808 

(A) Interaction of CFK1 and DRM2 in a yeast two-hybrid assay. Empty vector pGADT7 was 809 

used as a negative control. 810 
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(B) Split luciferase complementation assay showing CFK1-DRM2 interaction. The indicated 811 

constructs were transiently co-expressed in N. benthamiana. The color bar shows the range of 812 

luminescence intensity. 813 

(C) Interaction of CFK1 and DRM2 in N. benthamiana by bimolecular fluorescence 814 

complementation assay. Scale bar = 20 µm. 815 

(D) Co-immunoprepitation experiment of CFK1-HA and DRM2-FLAG in N. benthamiana. 816 

 817 

Figure 3. DRM2 is degraded through CFK1-mediated proteasome pathway. 818 

(A) Immunoblot analysis showing the abundance of DRM2 protein transiently expressing in WT 819 

and cfk1 mutant protoplasts. Empty GFP vector was co-transformed to monitor transfection 820 

efficiency. ACTIN was used as a loading control. * indicates a non-specific band. Bar graph 821 

(right) represents the average band intensity ratio of DRM2-HA to ACTIN from three biological 822 

replicates, measured by ImageJ. Student’s t-test, **p<0.01.  823 

(B) Immunoblot analysis showing the abundance of DRM2-FLAG protein co-expressed with 824 

CFK1-HA in N. benthamiana from two biological replicates (Rep 1 and Rep 2). HA empty vector 825 

was used as a negative control. Numbers indicate the relative band intensity ratio of DRM2-826 

FLAG to ACTIN, measured by ImageJ. 827 

(C) Immunoblot analysis showing DRM2 protein levels of two biological replicates (rep 1 and rep 828 

2) in two independent transgenic plants (L1, left and L3, right) of pDRM2::gDRM2-FLAG 829 

XVE:CFK1-HA with β-estradiol (β-est) treatment. Numbers indicate the relative band intensity 830 

ratio of DRM2-FLAG to ACTIN, measured by ImageJ. 831 

(D) Immunoblot analysis showing DRM2 protein levels from two independent lines (L1 and L2) 832 

of pDRM2::gDRM2-FLAG/WT and pDRM2::gDRM2-FLAG/cfk1 Arabidopsis transgenic 833 

seedlings treated with DMSO (-) or MG132 (+). Numbers indicate the relative band intensity 834 

ratio of DRM2-FLAG to ACTIN, quantified by ImageJ. 835 
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(E) Immunoblot analysis showing the half-life of DRM2 protein in pDRM2::gDRM2-FLAG/WT 836 

(left) and pDRM2::gDRM2-FLAG/cfk1 (right) Arabidopsis transgenic seedlings treated with 500 837 

μM cycloheximide (CHX) for the indicated time. ACTIN was used as a loading control. Numbers 838 

indicate the relative band intensity ratio of DRM2-FLAG to ACTIN, quantified by ImageJ. 839 

 840 

Figure 4. CFK1 regulates DNA methylation and transcription at DRM2 target loci. 841 

(A) Metaplot showing average CHH methylation level of Col-0, drm2, and two p35S::CFK1-842 

FLAG tagged lines (CFK1_L1 and CFK1_L2) across chromosome 3.  843 

(B) Metaplot showing average CHH methylation level of Col-0, drm2, CFK1_L1 and CFK1_L2 844 

over all TEs.  845 

(C) Venn diagrams showing the overlaps of CHH hypo DMRs between drm2 and CFK1_L1 (top) 846 

and CFK1_L2 (bottom). Boxplots showing average CHH methylation level at drm2-, CFK1_L1-, 847 

or CFK1_L2-specific CHH hypo DMRs, and drm2- and CFK1_L1/L2 overlapped CHH hypo 848 

DMRs. The center line in the box indicates the median and box edges indicate the interquartile 849 

range (IQR) from 25% to 75% percentile. The whiskers denote ±1.5 IQR. Mann-Whitney test, 850 

***p<0.001. 851 

(D) Heat maps showing CHH methylation level over drm2 (top), CFK1_L1 (middle), and 852 

CFK1_L2 (bottom) CHH hypo DMRs in Col-0, drm2, CFK1_L1, and CFK1_L2. The color scale 853 

indicates the range of CHH methylation level from 0 (white) to 1 (dark purple).  854 

(E) The proportion of the DMRs in CFK1_L1 or CFK1_L2 overlapped with those in drm2 in each 855 

TE family. Fisher’s exact test, **p<0.01, *p<0.05. 856 

(F) Genome browser views of CHH methylation level at representative loci. 857 

(G) RT-qPCR of the corresponding target loci from (F). At5TE77640 used as a negative control. 858 

Data represents mean ± SD. Student’s t-test, *p<0.05, **p<0.01.   859 

 860 
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Figure 5. A model for CFK1-mediated DRM2 degradation and hypomethylation. F-box protein 861 

CFK1, a component of E3 ligase SCFCFK1 complex consisting of RBX1, CUL1 and ASK1, 862 

interacts with and targets DRM2 for degradation through 26S proteasome. Consequently, the 863 

reduced DRM2 protein abundance results in hypomethylation and transcriptional derepression 864 

at DRM2 target loci.  865 
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