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ABSTRACT 21 

Facioscapulohumeral muscular dystrophy (FSHD), a progressive skeletal muscle disorder, is epigenetically 22 

characterized by DNA hypomethylation of the D4Z4 repeats in the 4q35 region, which enables aberrant DUX4 23 

expression. Sustainable DUX4 suppression is thus a promising therapeutic strategy by which to prevent disease 24 

progression, but most of the supposed methods to achieve this depend on the expression of a mediator biochemical 25 

entity that would potentially narrow the quality of life of individuals with FSHD in the clinical context. In this study, 26 

we report that by applying hit-and-run silencing with dCas9-mediated epigenetic editing targeting DNA 27 

hypomethylation on D4Z4 repeats, we could achieve the suppression of endogenous DUX4 in our FSHD patient-28 

derived iPSC model. Notably, DNA methylation was significantly upregulated in FSHD cells and suppression effects 29 

were observed for at least two weeks after intervention, which was not the case with transient treatments of typical 30 

dCas9-KRAB alone. Off-target analysis showed that despite the potential genome-wide risk for DNA methylation, 31 

the impact on the transcriptome was limited. We propose that hit-and-run silencing could be a promising option to 32 

prevent disease progression with minimum intervention for individuals with FSHD, motivating further study for 33 

clinical development. 34 

Keywords: facioscapulohumeral muscular dystrophy, progressive skeletal muscle disorder, epigenetics, DNA 35 

methylation, DUX4 suppression, dCas9-mediated epigenetic editing 36 
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INTRODUCTION 39 

Facioscapulohumeral muscular dystrophy (FSHD) is a muscle disorder resulting in progressive muscle weakness and 40 

is genetically caused by the contraction of D4Z4 repeats (< 10) in the 4q35 region (FSHD1) or mutations of chromatin 41 

regulators such as SMCHD1, DNMT3B, and LRIF1 with normal but relatively short D4Z4 repeats (FSHD2)1–4. 42 

Disease manifestation in both types requires a permissive allele with the shorter D4Z4 repeats cis-combined with 43 

haplotype 4qA containing a polyA signal (PAS), leading to stabilized DUX4 transcription, which is normally silenced 44 

in most somatic cells5–7. Ectopically expressed DUX4 can activate a cascade of genes that are not associated to muscle 45 

function including early embryonic state-related genes8 and cause deleterious cellular outcomes9,10. Therefore, 46 

suppression of DUX4 transcription or translation is considered a potent therapeutic strategy by which to stop disease 47 

progression11–14.  48 

 49 

While several reports have proposed the administration of chemical compounds aimed at RNA interference15–18 or 50 

blocking signal transduction19 with promising results to reduce DUX4 activity, the effects of these strategies always 51 

depend on continuous treatment due to chemical instability and may force patients to semi-permanent frequent drug 52 

administration. Genome editing, however, provides an option to achieve permanent transcriptional repression, but 53 

some reports have shown skeptical results after the removal of PAS on 4qA due to stochastic effects and layered of 54 

efficiency issues, including delivery, binding, and rewriting as desired20,21. The targeting of the DUX4 gene body or 55 

promoter is still difficult to control as it is located inside a repetitive D4Z4 unit. Moreover, genome editing strategies 56 

generally also face technical and ethical issues provoked by the irreversible off-target risks and the creation of 57 
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unnatural mutations22,23. Beyond the distinct genotypes of FSHD, D4Z4 repeats on the permissive allele are 58 

commonly epigenetically characterized with DNA hypomethylation in both FSHD1 and FSHD2, which allows 59 

abnormal chromatin relaxation and DUX4 transcription in muscle cells24. Therefore, upregulation of DNA 60 

hypomethylation to non-FSHD like hypermethylation in D4Z4 repeats in FSHD cells is a potential therapeutic 61 

strategy by which to stably block aberrant DUX4 transcription and prevent disease progression. 62 

 63 

The CRISPR/Cas9 system as a feasible platform for targeted genome editing. opened a path by which to edit the 64 

epigenome by creating a catalytically inactive or “dead” Cas9 (dCas9) with sustained sequence-specific targeting 65 

capacity25–27. Recently various kinds of tools for targeted epigenetic modulation based on dCas9 have been developed 66 

to achieve gene expression regulation and are considered to be potential therapeutic methods for pathogenic 67 

conditions including congenital diseases28–30. Indeed, it was reported that the Krüppel associated box (KRAB) domain 68 

fused to dCas9 (dCas9-KRAB) and MeCP2 transcription repression domain (TRD) fused to dCas9 (dCas9-TRD) 69 

repressed DUX4 expression in FSHD patient derived myoblasts and an FSHD mouse model respectively, indicating 70 

that targeting DUX4 by dCas9-based epigenetic repression could be a promising strategy to cure FSHD31,32. As the 71 

KRAB domain, mainly considered to increase H3K9 tri-methylation via recruitment of KAP1, and MeCP2 TRD, 72 

mainly considered to recruit histone deacetylase corepressor complex, may be able to exert limited suppressive effects 73 

when expressed33, their stable and constitutive expression is supposed to be required for clinical use. However, a 74 

recent study showed that the induction of the Cas9 protein provoked immune response in a muscular dystrophy canine 75 

model34, indicating a potential barrier against Cas9 associated components that are expressed in a constitutive manner 76 
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in the context of clinical situations. Moreover, recent clinical trials utilizing AAV vectors, broadly considered as a 77 

potent delivery method of transgenes to muscle tissue35,36, have led to lethal cases37,38, provoking the question of 78 

balance between risk and benefit to individuals with FSHD that show relatively mild and gradual disease progression 79 

in most cases. This problem could be avoided if an alternative method is developed to sustainably suppress 80 

endogenous DUX4 expression in patient cells by transient induction of dCas9 components that can also be combined 81 

with a suitable delivery method. 82 

 83 

Among various modifications, DNA methylation is a potent target by which to achieve stably lasting epigenetic 84 

effects when compared to histone modifications in terms of epigenetic editing33,39–41. Moreover, it was reported that 85 

“hit-and-run” co-localized induction of KRAB and DNA methyltransferases associated domains such as DNMT3A 86 

catalytic domain can induce lasting silencing effects at a targeted genomic site through the upregulation of local DNA 87 

methylation by transient transfection42. In addition, the additional co-localization of non-enzymatic DNMT3L can 88 

enhance DNA methyltransferase enzymatic activity and “hit-and-run” effects43–46. Given that the chromatin state is 89 

tightly linked with DNA hypermethylation on D4Z4 repeats in non-FSHD cells in contrast to abnormal relaxation 90 

with DNA hypomethylation in FSHD cells, the co-localized combination of these dCas9-mediated suppressive 91 

components targeting D4Z4 repeats was considered to suppress endogenous DUX4 expression in FSHD patient cells. 92 

Here, using our patient-derived iPSC model in which patient-specific DUX4 activity was validated in the context of 93 

myogenic differentiation47, we provide the proof of concept for the hit-and-run silencing strategy against endogenous 94 

DUX4 gene expression in both FSHD1 and FSHD2, indicating the potential of clinical applications beyond the 95 
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distinct genetic backgrounds of FSHD. 96 
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RESULTS 98 

Development and validation of dCas9-effector activity 99 

First, various potential suppressive effectors fused to dCas9 and sgRNAs targeting D4Z4 repeats were built on a 100 

piggyBac backbone, which enabled a switch between transient or constitutive expression of components with or 101 

without simultaneous transfection of PBase (Figure 1A). The effectors included KRAB, catalytic domains of 102 

DNMT3A (D3A) and DNMT3B (D3B), a pseudo-catalytic domain of DNMT3L (D3L), an enhanced effector 103 

composed of D3A fused to D3L (D3A3L), and a negative control sequence (Neg). Four sgRNA target sequences 104 

were selected that have D4Z4 targeting activity, and which were previously validated by Himeda et al with dCas9-105 

KRAB31. Each dCas9-effector with all the sgRNA vectors were electroporated into an FSHD2 iPStet-MyoD clone, which 106 

was previously established as FSHD patient-derived iPSC model with DUX4 and its downstream targets robustly 107 

expressed after myogenic differentiation47 (Figure 1B). One week after electroporation, cells were sorted for the dual 108 

positive population in BFP and RFP, which were cultured for another week to allow then to expand and differentiate 109 

into myocytes (Figure S1A). DUX4 and its downstream targets (ZSCAN4, MBD3L2, and TRIM43) were significantly 110 

suppressed by dCas9-KRAB, which was consistent with a previous report (Figure 1C, 1D). dCas9-D3A, D3L, and 111 

D3A3L, but not D3B, could suppress DUX4, but the effects were not comparable to dCas9-KRAB. Among all the 112 

conditions, myogenic differentiation was comparable (Figure 1E). DNA methylation analysis showed that 113 

methylation on the D4Z4 repeats was broadly upregulated by dCas9-KRAB, D3A, and D3A3L and partially 114 

upregulated by D3L (Figure 1F, S1B). These data confirmed the enzymatic activity of these dCas9 effectors and the 115 

evaluability of their DUX4 suppression effect in our FSHD-iPSC model. 116 
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 117 

Synergistic effect of dCas9-KRAB and dCas9-D3A/D3A3L 118 

Next, based on the DUX4 suppression effect and methylation analysis in our results and the limited effects of the 119 

transient transfection of single effectors previously reported42, we evaluated the hit-and-run effect with a combination 120 

of dCas9-KRAB and dCas9-D3A/D3A3L using transient induction. As dCas9 constructs are too large to be 121 

introduced into each cell during a single transfection, the system was modified with the dCas9-KRAB construct 122 

accompanied with a neomycin resistance gene, dCas9-KRAB(Neo), instead of BFP (Figure 2A). This meant that the 123 

cells were positive for both dCas9-KRAB(Neo) and dCas9-D3A/D3A3L(BFP) when selected based on drug 124 

resistance against neomycin and by FACS for the BFP signal. First, FSHD2 iPStet-MyoD cells were transfected with 125 

dCas9-KRAB(Neo) or dCas9-Neg(Neo) with PBase for constitutive expression and maintained with a neomycin 126 

supplement. (Figure 2B). Then, cells were electroporated with all sgRNAs with dCas9-D3A or dCas9-D3A3L, or 127 

only sgRNAs. In addition, constitutive KRAB induction (cK) was prepared as positive control of DUX4 (Figure 2C). 128 

Two days after sgRNAs and dCas9-D3A/D3A3L(BFP) transfection, cells were sorted for dual RFP+BFP+ positive 129 

cells, and following two weeks of cell expansion, 10 days of myogenic differentiation was conducted (Figure 2B, 130 

S2A). Gene expression analysis showed that the transient activity of dCas9-KRAB did not suppress DUX4, while the 131 

transient combination of dCas9-KRAB and dCas9-D3A or dCas9-D3A3L slightly suppressed DUX4 and its targets 132 

but was not comparable to cK (Figure 2D, 2E). Among all the conditions, myogenic differentiation was not 133 

significantly affected, which indicated that the observed slight suppression of DUX4 in the condition with the 134 

combination was not due to disrupted muscle differentiation but to the activity of the dCas9-effectors (Figure 2F). 135 
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These data indicated that the combined activity of dCas9-KRAB and dCas9-D3A/-D3A3L could slightly suppress 136 

DUX4 even after two weeks of expansion and 10 days of myogenic differentiation unlike dCas9-KRAB alone. 137 

 138 

Repeated treatment enhanced the suppression effect in the FSHD2 model 139 

A slight but significant effect at least on DUX4 targets was observed by transient activity of the combination (Figure 140 

2E), we hypothesized that repeated transfection might enhance the effect. Therefore, dCas9-KRAB(Neo) cells were 141 

transfected with sgRNAs and dCas9-D3A3L with 7 day intervals, and up to three times (Figure 3A, 3B). Cells were 142 

sorted for dual positive populations with RFP and BFP signals two days after each transfection (Figure S3A, S3B, 143 

S3C). FACS data analysis confirmed that most of the cells were not positive for BFP nor RFP one week after 144 

electroporation (Supplementary figure 3D). Two weeks after the final transfection, cells were then differentiated into 145 

muscle cells. While dCas9-Neg(Neo) cells and dCas9-KRAB(Neo) cells with transient sgRNAs transfection showed 146 

comparable DUX4 expression, dCas9-KRAB(Neo) cells with one, two, and three rounds of sgRNAs and dCas9-147 

D3A3L together (tEP1, tEP2 and tEP3) showed gradual levels of DUX4 suppression without affecting myogenic 148 

differentiation (Figure 3C, 3D, 3E). Notably, suppression of DUX4 and its target genes in the cells with three rounds 149 

was comparable to that in the cK which constitutively induce dCas9-KRAB and sgRNAs expression (Figure 3C, 3D). 150 

Transcriptome analysis for two independent sets of transfection experiments confirmed broad suppression of DUX4 151 

target genes and unaffected muscle differentiation in tEP3 cells (Figure 3F, 3G, 3H). Moreover, DNA methylation 152 

analysis on the D4Z4 repeats showed that the methylation was dramatically upregulated over a whole analyzed region 153 

in tEP3 cells when compared to the original FSHD2 iPStet-MyoD cells, which showed DNA hypomethylation in contrast 154 
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to non-FSHD derived cells, and was consistent with previous clinical genetic studies48 (Figure 3I, S3E). These data 155 

supported the concept that the repeated induction of combined activity of dCas9-KRAB and dCas9-D3A3L could 156 

establish sustainable DUX4 suppression in FSHD2 cells through robust upregulation of DNA methylation on the 157 

D4Z4 region. 158 

 159 

Hit-and-run silencing could also suppress DUX4 in the FSHD1 model 160 

Next we investigated whether the same hit-and-run strategy could be applied in FSHD1 beyond genetic differences 161 

as FSHD1 cells have abnormally fewer D4Z4 repeats than the FSHD2 cells or non-FSHD cells. As our FSHD1 clone 162 

has low efficiency in electroporation, the protocol was modified where cells were firstly transfected with dCas9-163 

KRAB(Neo) or dCas9-Neg(Neo), dCas9-D3A3L(BFP) or dCas9-Neg(BFP), and PBase together, followed by 164 

neomycin selection and sorting for BFP (Figure 4A, 4B). Then these dual dCas9 cells were transfected with sgRNAs 165 

three times, sorted for RFP and BFP two days after each transfection, expanded for two weeks after the third 166 

transfection, and differentiated into myocytes. FSHD2 cells, treated with this method, showed signatures of DUX4 167 

gene suppression and upregulation of DNA methylation on the D4Z4 region, consistent with the previous results, and 168 

thus validating the method (Figure S4A-H). Fluorescence signals of RFP showed that transfected sgRNAs plasmids 169 

did not remain one week after the third transfection (Figure 4C, S4C). Importantly, FSHD1 cells, treated with this 170 

method, also showed the signature of DUX4 suppression, while transient activity of dCas9-KRAB could not suppress 171 

DUX4 (Figure 4D, 4E, 4F). Cells were also prepared with the transfection of both sgRNAs and PBase as constitutive 172 

dCas9-KRAB(Neo) active controls and showed DUX4 suppression, indicating that the extent of the DUX4 173 
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suppression was comparable between constitutive dCas9-KRAB activity and the transient combination of dCas9-174 

KRAB and dCas9-D3A3L(Figure 4B, 4D, 4E). These data supported the concept that the transient induction of the 175 

combined activity of dCas9-KRAB and dCas9-D3A3L targeting D4Z4 can suppress DUX4 gene expression in both 176 

FSHD1 and FSHD2 cells. 177 

 178 

Minimum off-target impacts on gene expression despite the global effect on DNA methylation 179 

Next we investigated the genome-wide off-target effects of our hit-and-run strategy by utilizing Infinium Methylation 180 

EPIC array. To estimate the maximum off-target effects of the enzymatic activity to cover potential sensitive sites, 181 

global DNA methylation was compared among the conditions as follows: 1) tNN (from Figure S4G-H): FSHD2 182 

iPStet-MyoD cells with dCas9-Neg(Neo) and dCas9-Neg(BFP) constitutively introduced and sgRNAs transiently 183 

transfected three times; 2) tKD (from Figure S4G-H): FSHD2 iPStet-MyoD cells with dCas9-KRAB(Neo) and dCas9-184 

D3A3L(BFP) constitutively introduced and sgRNAs transiently transfected three times (Figure 5A). PCA analysis 185 

showed clear segregation among sample types, confirming the quality of the normalized data (Figure S5A). A biased 186 

tendency to upregulation in tKD indicated major potential enzymatic off-target effects for DNA methylation with 187 

constitutive expression of KRAB and D3A3L, consistent with previous reports44 (Figure 5B, S5B, S5C). The 188 

differentially upregulated probes were annotated to relevant genes (Figure 5C, 5D, S5D) and merged on RNA-seq 189 

data in differentiated myocytes in Figure 3 to predict the potential off-target effects on gene expression (Figure 5C, 190 

5E). Only two genes (SCL34A2 and CCNA1) were significantly downregulated in the transcriptome though, they 191 

were known to be downstream of DUX4 activation8, indicating that the transcriptional decrease was caused by DUX4 192 
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suppression rather than the upregulation of DNA methylation and that off-target effects in the transcriptomic level 193 

were limited in spite of the potential global DNA methylation change.  194 

 195 

As the analysis above included both “floating”, that is, not guided by dCas9/sgRNA, and “wrongly targeted” 196 

enzymatic activity, we next took another approach by starting with in silico off-target predictions to evaluate dCas9 197 

binding based potential off-target risks (Figure 5F). The tKD-associated potential off-target probes adjacent to the 8 198 

bp or 12 bp sequences upstream of the PAMs, obtained by the workflow detailed in Figure S5E, showed minor off-199 

target effects in the DNA methylation level (Figure 5G, S5F, S5G). The genes with differentially upregulated probes 200 

were merged on transcriptome in relevant differentiated myocytes, showing that the global increase in DNA 201 

methylation had no major impact on gene expression (Figure 5H, S5H, Table S7). Therefore, these data suggested 202 

that even when starting the prediction with the constitutive expression of dCas9-KRAB and D3A3L, the off-target 203 

impacts on the transcriptome were limited, and the dCas9-based off-target impact was more limited. However, 204 

considering all these results, more careful attention to optimization of the balance between on-target and off-target 205 

impacts should be paid for clinical application.  206 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted April 12, 2022. ; https://doi.org/10.1101/2022.04.12.487997doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.12.487997


13 

 

DISCUSSION 207 

In this study we have revealed that hit-and-run silencing targeting D4Z4 repeats can suppress patient-specific 208 

endogenous DUX4 expression beyond the distinct pathogenic genotypes of FSHD1 and FSHD2. Importantly, to the 209 

best of our knowledge, this is the first report to edit congenital D4Z4 DNA hypomethylation to hypermethylation that 210 

is comparable to non-FSHD levels in FSHD patient-derived cells. While even constitutive expression of single 211 

dCas9-KRAB, dCas9-D3A, or dCas9-D3A3L could increase DNA methylation in a limited range on D4Z4 repeats, 212 

transient activity of combined KRAB and D3A3L could have a stronger impact and spreading effect on regions distal 213 

to sgRNA sites, suggesting synergistic effects which are not achievable with single effector applications, and this is 214 

consistent with previous research that has aimed to target a single locus42,44. In contrast to targeting a single locus by 215 

one time transfection, as was reported previously with hit-and-run silencing, hit-and-run activity was required several 216 

times in our case to suppress DUX4; this may have been because multiple D4Z4 repeats on the whole genome were 217 

equally targeted, limiting the capacity of enzymatic activity to influence average levels per D4Z4 unit at one time. 218 

The D4Z4 repeats in non-FSHD are epigenetically characterized, not only by DNA hypermethylation but also by the 219 

accumulation of the heterochromatin marker H3K9 tri-methylation/HP1 gamma,49 and form distinct genome 220 

structures outside the repeats50–54, which are reduced and abnormally rearranged respectively in FSHD. As our 221 

epigenetic silencing strategy achieved D4Z4 repeats with hypermethylation to non-FSHD levels, it would be 222 

interesting to further investigate whether the strategy could reconstruct non-FSHD like heterochromatin structures in 223 

the muscle cells directly through DNA hypermethylation, which role in pathology remains controvertial55. 224 

 225 
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At present there are several reported methods for FSHD therapy and they all have a strong focus on suppressing 226 

DUX4 transcription or translation. Chemical compound administration for RNA interference or blocking signal 227 

transduction promisingly reduced DUX4 expression15–19, but could result in possible disadvantages such as a need 228 

for semi-permanent frequent drug administration due to chemical instability, reduced specificity, and unknown long-229 

term side effects due to the targeting of multifunctional signal pathways in a systemic manner. These may, however, 230 

be overcome by the hit-and-run silencing strategy with minimum repeated administration, possibly reducing hospital 231 

visits and financial burden, and consequently improving the medical and daily circumstances associated with FSHD 232 

treatment. Genome editing should be utilized further to better understand permanent transcriptional repression, but it 233 

is still technically challenging to edit the D4Z4 repeat. While editing exon3(PAS) outside of the D4Z4 repeat is 234 

technically promising for treatment, unfortunately, two groups have found unexpected DUX4 mRNA switch 235 

phenomenon for which the mechanism is unclear20,21. Given the unexpectedly switched transcripts and the general 236 

concerns of potential on/off-targets leading to unnatural mutations, the epigenetic silencing strategy described in this 237 

investigation, appears to be more effective for DUX4 silencing, and is safer and more containable. Moreover, our 238 

current understanding of the mechanism by which DUX4 is activated, specifically in FSHD muscle cells, is limited. 239 

Several signaling pathways have been revealed in a context-dependent manner47,56–60. In this sense, to reconstruct the 240 

chromatin situation in patient nuclei potentially by our approach could be a more inclusive way to render the DUX4 241 

locus insensitive to any environmental stimulations. This might be more emphasized by imagining that patients 242 

experience excessive exhaustion or damage to their muscle when unable to access chemical compound drugs, 243 

considering that DUX4 is strongly activated during differentiation and muscle regeneration9,61. 244 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted April 12, 2022. ; https://doi.org/10.1101/2022.04.12.487997doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.12.487997


15 

 

 245 

Our off-target analysis with EPIC array data combined with RNA-seq data showed minor impacts on the 246 

transcriptome in the non-targeted regions with the hit-and-run DNA methylation targeting. The off-target effects on 247 

the DNA methylation level were not ignorable, however, most of the differentially unregulated methylation, did not 248 

apparently depend on off-target binding candidate sites, as no apparent bias of enrichment in the off-target associated 249 

probes was observed (Figure 5G, lower panel). The constitutive expression of the dCas9-effectors in the EPIC array 250 

samples, indicated that the large off-target effects observed in this analysis were mainly derived from “floating” 251 

enzymatic effectors rather than wrongly targeted dCas9, which may be prevented by optimization of the delivery 252 

method to control the amount and active period of dCas9-effectors. Moreover, though we applied four validated 253 

sgRNAs against D4Z4 at the same time to establish the proof of concept, among them, a minimum of one sufficient 254 

for robust DUX4 suppression should be carefully selected for future clinical applications, which may also help to 255 

minimize dCas9-guided off-target effects. Hit-and-run off-target silencing, if it happens, could also possibly cause 256 

robust and long-term impacts, which should be avoided in terms of safety in clinical situations. Moreover, intergenic 257 

regulatory regions have recently been proven to have pathogenic potentials due to disrupted fine tuning, especially 258 

in humans62,63. In this sense, in the context of future clinical use, higher coverage methods such as bisulfite high-259 

throughput sequencing-based off-target analysis can be applied to strictly evaluate off-target risks in a sustainable 260 

manner to allow for future re-analysis for de novo identified naive sites. 261 

 262 

We have shown that hit-and-run silencing worked in FSHD patient-derived cells in a proliferative pluripotent state 263 
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and the effect was tolerant in cell divisions for at least two weeks (maximally 10 weeks in our one trial, data not 264 

shown) and muscle differentiation, suggesting that epigenetically robust and inheritable chromatin structures were 265 

maintained beyond cell types. However, assuming the clinical application, it remains unclear whether induction of 266 

hit-and-run silencing can be achieved with the benefit of long-term effects in various kinds of myogenic cells residing 267 

in the skeletal muscle tissues, such as quiescent satellite cells, proliferative myoblasts, and terminally differentiated 268 

myofibers. Considering the spike-like activation of DUX4 in a sporadic manner during differentiation in FSHD 269 

muscle cells and regeneration in an FSHD mouse model containing FSHD patient-derived contracted D4Z4 270 

repeats9,61, the high efficiency of transfection and sustainable effects covering satellite cells will be required to 271 

suppress disease progression in FSHD muscles. Though AAV vectors are considered to be a promising delivery 272 

method into muscle tissues due to their high efficiency35, they have a limited capacity for packaging, and moreover 273 

recent reports have raised potential risks in clinical use in terms of lethal liver dysfunction and immunogenicity34,64. 274 

Considering that one of the benefits of hit-and-run silencing is that there is no need of dCas9s/sgRNAs components 275 

to remain in the nuclei for long-term effects, it has high potential in clinical application when combined with less 276 

toxic in vivo transfection methods,65,66 as it allows for the removal of any artificial components out of patient bodies 277 

after induction. In this sense, customized local applications targeting critical muscles for each patient’s demands 278 

rather than a systemic approach will be suitable, which will fit various tendencies in the symptoms of FSHD 279 

individuals67 and also help to achieve minimal side-effects in other tissues. In addition, as the hit-and-run epigenetic 280 

approach does not manipulate DNA sequences, there are fewer ethical issues than with direct genetic approaches, as 281 

it does not have the potential to produce artificial sequences through unnatural processes. 282 
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 283 

In summary, here we have proven that the hit-and-run silencing strategy for DUX4 can work in in vitro FSHD patient 284 

cells with minimal off-target risks. This may be a promising option by which to avoid clinical obstacles and provide 285 

well-balanced treatment to individuals with FSHD, motivating the need for future development studies combined 286 

with suitable delivery methods and in vivo models to establish further proof of concept, sufficient for clinical 287 

application. 288 

 289 

  290 
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MATERIALS AND METHODS 291 

Ethical approval 292 

This study was approved by the Ethics Committee of the Graduate School of Medicine, Kyoto University, and the 293 

Kyoto University Hospital (Approval #R0091 and #G259) and was conducted according to the guidelines of the 294 

Declaration of Helsinki. To protect confidentiality, all patient information was kept anonymous, and written informed 295 

consent was obtained from the study participants. 296 

Vector construction 297 

The dCas9-KRAB(BFP) vector (ID: VB190207-1015wke, VectorBuilder Japan) was originally designed and created 298 

using an online design tool (https://www.vectorbuilder.jp/design.html) with a PiggyBac backbone and a dCas9-299 

effector driven by a CAG promoter followed by internal ribosome entry site (IRES) and blue fluorescent protein 300 

(TagBFP). The KRAB domain was sandwiched by EcoRI and AgeI restriction enzyme sites, which enabled the 301 

insertion of all other alternative effector domains including D3A (amplified open reading frame, ORF, from Addgene 302 

#66819), D3B (amplified ORF from Addgene #66820), D3L (amplified ORF from Addgene #35523), and a negative 303 

control sequence. The dCas9-D3A3L(BFP) vector was built by adding the D3L C-terminal domain ORF after the 304 

D3A domain on dCas9-D3A(BFP). Sequence ranges for each of the DNMT3A, DNMT3B, and DNMT3L domains 305 

were based on those in a previous report68. The dCas9-KRAB(Neo) vector was created by replacing the TagBFP of 306 

dCas9-KRAB(BFP) with a neomycin resistance gene, while dCas9-Neg(Neo) was built by replacing KRAB with a 307 

negative control sequence. The backbone of the single guide RNA (sgRNA) vectors was built by removing the 308 

hygromycin resistance gene from pPV-H1-ccdb-Ef1a-RiH_Ver1, and was provided by Dr. Akitsu Hotta (CiRA, 309 
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Kyoto University, Japan), then insertion of the sgRNA fragments was conducted as previously described69. Effector 310 

sites and sgRNA targets are summarized in Supplementary Table.S1 and Supplementary Table.S2, respectively. 311 

Human iPSCs and muscle cell differentiation 312 

Intact human iPSC clones from one male FSHD1 patient, one female FSHD2 patient for treatments with dCas9-313 

effectors, one male FSHD2 patient for the control, specified as No Vector in the global methylation study, and one 314 

non-FSHD donor were used in this research and were originally described in a previous study47. Non-FSHD healthy 315 

S01 was generated under written consent with approval of the Kyoto University Graduate School and Faculty of 316 

Medicine Ethics Committee (approval nos. E1762, G567, and Rinsho71). iPSC clones with the doxycycline-inducible 317 

MyoD transgene (iPStet-MyoD clones) were established by transfecting them with plasmids, including PBase and PB-318 

MyoD (with puromycin resistance marker) and sub-cloning one of those that showed the highest level of 319 

differentiation efficiency. All human iPSC clones were cultured and maintained under feeder-free culture conditions 320 

as previously described70. Briefly, the cells were passaged once a week and cultured on an iMatrix-511 (Nippi, Japan) 321 

pre-coated dish in StemFit AK02N medium (Ajinomoto). Then, 0.5 μg/mL puromycin (Nacalai Tesque, Japan) or 322 

100 μg/mL neomycin sulfate (Nacalai Tesque) was added for selection and maintenance of the relevant transgenes. 323 

Muscle cell differentiation was performed as described previously71 with some modifications. Briefly, at day 0, iPStet-324 

MyoD cells were treated with accutase (Nacalai Tesque) to separate them into single cells and were plated at a density 325 

of 2–2.5 × 105 cells/well in 6-well dishes coated with Matrigel (Corning, NY) in StemFit supplemented with 10 μM 326 

Y-27632 (Nacalai Tesque). At day 1, medium was replaced with primate ES cell medium (REPROCELL, Japan). at 327 

day 2, the culture medium was replaced with primate ES cell medium containing 1 μg/mL doxycycline (Dox; LKT 328 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted April 12, 2022. ; https://doi.org/10.1101/2022.04.12.487997doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.12.487997


20 

 

Laboratories, MN). Induction was performed in 5% KSR/α-MEM containing a Dox and 2-mercaptoethanol (2-ME) 329 

supplement without replating at day 3 for 3 days (FSHD1 clones) or 4 days (FSHD2 clones). After induction, cells 330 

were matured in 5% KSR/α-MEM containing 2-ME, 10 ng/mL human IGF-1 (Pepro Tech, UK), and 5μM SB431542 331 

(Wako, Japan) until day 9 (FSHD1 clones) or day 10 (FSHD2 clones). 332 

Electroporation 333 

Electroporation was preformed using a NEPA21 electroporator (Nepa Gene, Japan) into human iPS cells. According 334 

to the following conditions: 2 ug of an sgRNAs mixture that consists of 500 ng of each of the four sgRNA vectors, 335 

12–13 ug of dCas9 vectors and 1 ug of PBase were co-transfected into 1 × 106 cells per 100 uL Opti-MEM (Thermo 336 

Fisher Scientific, Japan) per cuvette, as was described previously47. 337 

Fluorescence activating cell sorter (FACS) analysis and sorting 338 

Cells were dissociated by accutase, washed once in StemFit medium containing 10 μM Y-27632, and resuspended in 339 

Hanks' Balanced Salt Solution (HBSS) containing 10 μM Y-27632 and approximately 5% of the StemFit medium 340 

which was roughly carried over from the washing, filtered, and kept on ice. Cells were analyzed and sorted for RFP 341 

and BFP with Aria II (BD Biosciences). Cells were then collected in culture medium with Y-27632 at 4℃ and replated 342 

for expansion. After expansion, cells were observed to capture images of phased contrast and fluorescence using a 343 

BZ9000 system (Keyence, Japan) at 200 × magnification. 344 

RNA extraction and real-time reverse-transcription quantitative PCR (RT-qPCR) 345 

Total RNA was extracted using a ReliaPrep RNA Miniprep System (Promega, WI) as per the manufacturer’s 346 

instructions. cDNA was synthesized from the extracted RNA using a ReverTra Ace Master Mix with gDNA Remover 347 
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(TOYOBO, Japan). Real-time RT-qPCR was performed using SYBR Green probe sets (Applied Biosystems, MA) 348 

and a Step One Plus thermal cycler (Applied Biosystems), and a standard curve was prepared for each target. RPLP0, 349 

which encodes a ribosomal protein, was used as the internal control in all assays. The primer sets used in this study 350 

are listed in Supplementary Table.S3. All the RT-qPCR data were processed with GraphPad Prism 8 for visualization 351 

and statistical analysis and were represented as mean ± SEM. P values were determined using one way ANOVA 352 

followed by the Tukey's multiple comparisons test with P ≤ 0.05 considered as statistically significant. 353 

RNA-seq 354 

Total RNA was obtained from sorted cells using the ReliaPrep RNA Cell Miniprep System (Promega). RNA quality 355 

was evaluated using a NanoDrop 2000 (Thermo Fisher Scientific) and Agilent 2100 Bioanalyzer System (Agilent) 356 

with an RNA Pico Kit (Agilent, CA) according to the manufacture’s instruction. For the Illumina sequencing libraries, 357 

5 ng of total RNA was used with the SMARTer Stranded Total RNA-Seq Kit v3 - Pico Input Mammalian (TAKARA, 358 

Japan), according to the manufacture’s instruction. The libraries were quantified using the Agilent 2100 Bioanalyzer 359 

System with a High Sensitivity DNA Kit (Agilent) according to the manufacture’s instruction, and equal amounts 360 

from molecular pools were used for RNA-seq analysis, using a Next seq 500 (Illuminia, CA) in the paired-end mode 361 

with 144 bp : 8 bp : 8 bp : 8 bp for R1:l1:l2:R2. The raw sequence data were converted to fastq files, and the sequenced 362 

reads of R1 were trimmed to remove adaptors and low-quality bases using Cutadapt with ‘-m 20 --nextseq-trim=20’ 363 

option. The 8bp sequences of R2 were transferred as unique molecular identifiers (UMIs) to each corresponding 364 

strand name in R1 reads using UMI-tools extract function. Then R1 reads were mapped to the reference human 365 

genome GRCh38, which downloaded from the NCBI RefSeq, using STAR72. Dedupication was conducted using 366 
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UMI-tools dedup function. After dedupication, HTSeq73 was used to calculate gene read counts, and the counted data 367 

were normalized by DEseq274. Lists of annotated genes associated to DUX4 downstream activation and myogenic 368 

differentiation were cited from previous work75 and a Gene Set Enrichment Analysis (GSEA) library76 369 

(HALLMARK_MYOGENESIS, M5909), respectively. For visualization, EnhancedVolcano (Blighe, Rana, and 370 

Lewis, 2018) was utilized to generate volcano plots. Gene names are shown in Supplementary Table.S4.  371 

Targeted DNA methylation analysis using bisulfite sanger sequencing 372 

Genomic DNA was extracted using a GenElute Mammalian Genomic DNA Miniprep Kit (Sigma-Aldrich, MO) as 373 

per the manufacturer’s protocol, and 500 ng to 1 µg of DNA was treated with bisulfite using an EpiTect DNA bisulfite 374 

kit (QIAGEN, Germany) according to the manufacturer’s guidelines. PCR and DNA methylation analysis of the 375 

DUX4 5′ promoter region was performed according to the protocol of the DUX4 5′ BSS assay, as described 376 

previously48 with QUMA online software (http://quma.cdb.riken.jp/index_j.html)77; the analysis was performed with 377 

the parameters as follows; upper limit of unconverted CpHs = 5, lower limit of percent converted CpHs = 95.0, upper 378 

limit of alignment mismatches = 30, lower limit of percent identity = 90.0. The averaged DNA methylation 379 

percentages for each CpG site were summarized as heatmaps with GraphPad Prism 8. 380 

Global DNA methylation analysis with EPIC array data 381 

The Infinium MethylationEPIC BeadChip Kit (illumina) was utilized in accordance with the manufacturer’s protocol 382 

in the faculty department of the CiRA Foundation, Kyoto University, Japan. First, 500 ng of genomic DNA was 383 

bisulfite converted using an EZ DNA Methylation Kit (ZYMO RESEARCH, CA) and the DNA methylation level 384 

was quantified using EPIC BeadChIP (Illumina) run on an Illumina iScan System according to the manufacturer’s 385 
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guidelines. Raw IDAT files were processed using the ChAMP package (v. 2.21.1) in R for filtering, normalization 386 

was conducted using champ.norm (arraytype = "EPIC") and calculations with the function champ.DMP (arraytype = 387 

"EPIC") to generate methylation β-values and calculate adjusted p-values for significant DMPs78. Among all the 388 

probes covering over 850,000 sites, 718 165 probes remained with DNA methylation levels obtained after filtering 389 

and normalizing. Significant DMPs were selected using the following criteria: > 0.2 β-value gap and < 0.05 adjusted 390 

p-value. PCA analysis was performed using DNA methylation data from all probes in R.  391 

in silico off-target prediction 392 

The 23 bp (20bp + 3bp PAM) sequences of each sgRNA were submitted to the online CRISPRdirect tool79 to obtain 393 

the off-target candidate sites that match the 20 mer / 12 mer / 8 mer + NGG(PAM) on GRCh37 as a BED file and 394 

loaded in R. All the sites that matched the 8 bp or 12 bp sequences upstream of the PAM were selected as potential 395 

binding sites. Infinium MethylationEPIC v1.0 B5 Manifest File (CSV Format) was loaded in R and only probes that 396 

remained after filtering were formatted into genomic ranges with gene annotations. The approximate probes within 397 

500 bp of each site were selected by applying the findOverlaps() function among off-target candidate sites and 398 

manifest file accompanied with gene annotation and filtered using the criteria of a < 500 bp distance. This in silico 399 

workflow was confirmed with a newly designed sgRNA target against MyoG promotor as a virtual example to 400 

successfully pick up MyoG gene and other potential off-target genes (Figure S5E). The code for the prediction process 401 

is available in GitHub (https://github.com/mits2112/offtarget_predict_EPICarray). The selected probes were 402 

emphasized in the dot plots. Gene annotations were used as off-target candidate genes if the relevant probe satisfied 403 

the criteria for significant difference with a > 0.2 beta value gap and < 0.05 adjusted p-value. 404 
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FIGURE LEGENDS 640 

 641 

Figure 1. Establishment and validation of dCas9-effectors for the evaluation of DUX4 suppression using the FSHD2-642 

iPSC model. See also Figure S1.  643 

A) Construct designs for the PiggyBac vectors used in this experiment. dCas9-effectors are driven by a CAG promoter 644 

and followed by internal ribosome entry site (IRES) connected to a blue fluorescence protein (TagBFP) element, 645 

while sgRNA vectors contained an red fluorescence protein (RFP) element. B) Scheme showing the transfection, 646 

selection, and differentiation of iPSC clones to myocytes. After FSHD2 iPSCtet-MyoD clones were transfected by 647 

electroporation, cells with constitutive BFP and RFP dual signals were sorted and differentiated for analysis. C–E) 648 

RT-qPCR analysis for C) DUX4-fl, D) DUX4 downstream targets, and E) a myogenic differentiation marker in cells 649 

at day 10 of differentiation. Relative expression was normalized to dC-Neg in each experimental set (n = 4). All RT-650 

qPCR data are represented as mean ± SEM. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001, and ns indicates 651 

not significant as determined using one way ANOVA followed by the Tukey's multiple comparisons test. F) DNA 652 

methylation analysis of the D4Z4 regions using bisulfite sequencing. The identification numbers of sgRNAs are 653 

derived from the original work of Himeda et al31. Note that all the sgRNAs are located inside the D4Z4 unit but 654 

outside of the analyzed region.  655 

 656 

Figure 2. A combination of dCas9-KRAB and dCas9-D3A/D3A3L slightly suppressed DUX4 with transient 657 

transfection. See also Figure S2. 658 
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A) Construct designs for the dCas9-effectors followed by internal ribosome entry site (IRES)-driven neomycin 659 

resistance marker for drug selection. B) Scheme showing the transfection, selection, and differentiation of iPSC 660 

clones to myocytes. FSHD2 iPSCtet-MyoD clones were transfected by electroporation with the dCas9-effector(Neo) 661 

and PBase together for constitutive expression, then for > 2 passages for the removal of PBase. Cells were transfected 662 

by electroporation with dCas9-effector(BFP) and sgRNAs together for transient expression. After two days, cells 663 

with BFP and RFP dual signals were sorted, expanded for two weeks, and differentiated for analysis. Note that the 664 

dCas9-effector is targeted only while sgRNAs are induced in cells, except for in condition 7 where PBase was added 665 

again in the second electroporation for constitutive expression of the sgRNAs. C) Experimental design for 666 

comparison. While dCas9-KRAB was expressed continuously, transient expression of the sgRNAs enabled the 667 

transient targeting of dCas9-effectors on the sites since PBase was excluded for 1-6. In addition, dCas9-KRAB(Neo) 668 

transfected with sgRNAs and PBase (7. cK) was also prepared as a positive control as its DUX4 suppression effect 669 

was previously confirmed. D) RT-qPCR analysis for D) DUX4-fl, E) DUX4 downstream targets, and F) a myogenic 670 

differentiation marker in cells on day 10 of differentiation. Relative expression was normalized to condition.1 in each 671 

experimental set (n = 4). All RT-qPCR data are represented as mean ± SEM. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, 672 

****P ≤ 0.0001, and ns indicates not significant as determined using one way ANOVA followed by the Tukey's 673 

multiple comparisons test. 674 

 675 

Figure 3. Repeated transfection boosted silencing effect of transient combinations. See also Figure S3. 676 

A) Scheme showing the transfection, selection, and differentiation of iPSC clones to myocytes. FSHD2 iPSCtet-MyoD 677 
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clones with constitutive dCas9-effector(Neo) were transfected by electroporation with dCas9-effector (BFP) and 678 

sgRNAs together for transient expression (the first transient electroporation). After two days, cells with BFP and RFP 679 

dual signals (tEP1) were sorted and expanded for two weeks followed by differentiation for analysis or for four days 680 

followed by a second round of transfection. Cells after the second round were sorted for BFP and RFP dual signals 681 

(tEP2) and expanded for two weeks followed by differentiation for analysis or for four days followed by a third round 682 

of transfection. Cells after the third round were sorted for BFP and RFP dual signals (tEP2) and expanded for two 683 

weeks followed by differentiation for analysis. Note that the dCas9-effector is targeted only while sgRNAs are 684 

induced in cells, except for condition 3, where PBase was added again in the second electroporation for constitutive 685 

expression of the sgRNAs. B) Experimental design for comparison. dCas9-KRAB(Neo) cells with one, two, and 686 

three rounds of sgRNAs and dCas9-D3A3L together (4-6. tEP1, tEP2 and tEP3). In addition, dCas9-NegNeo) 687 

transfected with sgRNAs as negative control (1. Neg) and dCas9-KRAB(Neo) transfected with sgRNAs without 688 

PBase (2. transient KRAB induction, tK) and with PBase as positive control (3. constitutive KRAB induction cK) 689 

were also prepared. C–E) RT-qPCR analysis for C) DUX4-fl, D) DUX4 downstream targets, and E) a myogenic 690 

differentiation marker in cells at day 10 of differentiation. Relative expression was normalized to the average for 691 

condition 1 in all samples. (n = 2–7). All data are represented as mean ± SEM. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, 692 

****P ≤ 0.0001, and ns indicates not significant as determined using one way ANOVA followed by the Tukey's 693 

multiple comparisons test. F–G) Heatmaps showing the gene expression determined from the RNA-seq analysis of 694 

the differentiated Neg and tEP3 cells from two independent experimental sets F) for the DUX4 associated gene set 695 

and G) the myogenic differentiation associated gene set. Exp.1 and Exp.2 indicate biologically independent 696 
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experimental sets. H) Volcano plot generated using the gene expression data from the RNA-seq analysis for all genes. 697 

Note that DUX4 target genes are significantly downregulated while most of genes are not significantly changed (-698 

log10P ≤ 5). I) DNA methylation analysis for the D4Z4 regions determined by bisulfite sequencing. For the non-699 

treated FSHD2 clone, the same data as in Figure 1F was used. 700 

 701 

Figure 4. DUX4 could be suppressed by the transient activity of the dCas9-KRAB and dCas9-D3A3L combination 702 

in the FSHD1-iPSC model. See also Figure S4. 703 

A) Scheme showing the transfection, selection, and differentiation of iPSC clones to myocytes. FSHD1 iPSCtet-MyoD 704 

clones were transfected by electroporation with a combination of dCas9-effector(Neo) and PBase for constitutive 705 

expression, then transfected by electroporation with both the dCas9-effector (BFP) and PBase for constitutive 706 

expression and sorted based on the BFP signal. After > 2 passages to remove the PBase after electroporation, cells 707 

were transfected by electroporation with sgRNAs together for transient expression and after two days sorted for BFP 708 

and RFP dual signals and expanded for 4 or 5 days. The transfection-sorting round was repeated three times followed 709 

by two weeks of expansion and differentiation for analysis. It is of note that the dCas9-effector is targeted only while 710 

sgRNAs are induced in cells, except for condition 3 where PBase was added again in the second electroporation for 711 

constitutive expression of sgRNAs. B) Experimental design for comparison analysis. Sample conditions were named 712 

as tNN (transient sgRNAs with dCas9-Neg(Neo) and dCas9-Neg(BFP)), tKN (transient sgRNAs with dCas9-713 

KRAB(Neo) and dCas9-Neg(BFP)), cK (constitutive sgRNAs with dCas9-KRAB(Neo) and dCas9-Neg(BFP)), and 714 

tKD (transient sgRNAs with dCas9-KRAB(Neo) and dCas9-D3A3L(BFP)). C) Images of the phase and fluorescence 715 
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of RFP one week after the third round of transfection. Scale bar: 500 µm. D–F) RT-qPCR analysis for D) DUX4-fl, 716 

E) DUX4 downstream targets, and F) a myogenic differentiation marker in cells at day 9 of differentiation. Relative 717 

expression was normalized to one sample from condition 1 [n = 3, except for condition tNN (n = 2)]. All data are 718 

represented as mean ± SEM. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001, and ns indicates not significant 719 

as determined using one way ANOVA followed by the Tukey's multiple comparisons test.  720 

 721 

Figure 5. Off-target analysis revealed the maximum potential off-target impact on global DNA methylation and the 722 

relevant minimum effect on the transcriptome. See also Figure S5. 723 

A) Summary of sample conditions used in this analysis. tNN (with dCas9-Neg(Neo) and dCas9-Neg(BFP) 724 

constitutively introduced and sgRNAs transiently transfected three times) and tKD (with dCas9-KRAB(Neo) and 725 

dCas9-D3A3L(BFP) constitutively introduced and sgRNAs transiently transfected three times) of undifferentiated 726 

FSHD2 iPSCtet-MyoD from Figure S4 was used for the Infinium Methylation EPIC array. RNA-seq data from the Neg 727 

and tEP3 of differentiated FSHD2 iPSCtet-MyoD (referred to conditions 1 and 6 in Figure 3C) were used. It is of note 728 

that tNN and tKD correspond to Neg and tEP3, respectively in this analysis. B) The plots of the averaged DNA 729 

methylation beta values for all filtered probes in the EPIC array among tKD and tNN (n = 2 and 3, respectively). 730 

Significantly upregulated probes with a > 0.2 increase in beta value and < 0.01 BH adjusted p-value (up, shown in 731 

red) and downregulated probes with a > 0.2 decrease in beta value and < 0.01 BH adjusted p-value (down, shown in 732 

blue) on the y axis when compared to the x axis are emphasized, otherwise shown as not significant (ns, in gray). Dot 733 

lines show the borders for the cutoff with a 0.2 increase/decrease in beta value. C) Scheme showing the significantly 734 
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differential methylation based off-target evaluation. D) Summary of annotated gene numbers with certain numbers 735 

of significantly upregulated probes in 5B). Note that genes with more than three significantly upregulated relevant 736 

probes were defined as off-target gene candidates. E) Off-target gene candidates in Figure 5D were emphasized in 737 

red, otherwise in gray, in the RNA-seq data in Figure 3F–H. F) Scheme showing the in silico off-target prediction-738 

based evaluation. See also supplementary Figure 5E for a detailed workflow of the in silico off-target prediction. G) 739 

Probes proximal to each predicted 8mer (in blue) and 12mer (in red) off-target binding site for all sgRNAs were 740 

emphasized in all dots of the averaged EPIC array beta value in tKD vs tNN (the same plots as Fig.5B). The lower 741 

table shows the percentages of dots in each definition. H) The annotated genes with at least one significantly 742 

upregulated probe (> 0.2) from the off-target proximal probes in Fig.5G were merged using RNA-seq data in a similar 743 

way to 5E and relative changes were shown using a heatmap for each expreimental set. 744 

 745 

 746 

  747 
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Figure 1 748 
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Figure 2 763 
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Figure 3 778 
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Figure 4 791 
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Figure 5 809 
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