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Abstract 12 
CRISPR-based transcriptional activation (CRISPRa) has extensive research and clinical potential. 13 
Here, we show that commonly used CRISPRa systems can exhibit pronounced cytotoxicity. We 14 
demonstrate the toxicity of published and new CRISPRa vectors expressing the activation 15 
domains (ADs) of the transcription factors p65 and HSF1, components of the synergistic 16 
activation mediator (SAM) CRISPRa system. Based on our findings for the SAM system, we 17 
extended our studies to additional ADs and the p300 acetyltransferase core domain. We show that 18 
the expression of potent transcriptional activators in lentiviral producer cells leads to low 19 
lentiviral titers, while their expression in the transduced target cells leads to cell death. Using 20 
inducible lentiviral vectors, we could not identify an activator expression window for effective 21 
SAM-based CRISPRa without measurable toxicity. The toxicity of current SAM-based CRISPRa 22 
systems hinders their wide adoption in biomedical research and introduces selection bottlenecks 23 
that may confound genetic screens. Our results suggest that the further development of CRISPRa 24 
technology should consider both the efficiency of gene activation and activator toxicity. 25 
  26 
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Introduction 27 

The development of programmable Clustered Regularly Interspaced Short Palindromic Repeats 28 
(CRISPR)/CRISPR-associated protein (Cas)-based transcriptional activation (CRISPRa) tools is 29 
of high interest for research and clinical applications (1). In these approaches, transcriptional 30 
activators are recruited to specific sites in the genome, by fusion to endonuclease-inactivated Cas 31 
proteins (“dCas”, most commonly dCas9 (2)) or through aptamers in the associated single guide 32 
RNA (sgRNA) (3-7). The appeal of CRISPRa over traditional cDNA expression approaches lies 33 
in its simplicity of sgRNA design, scalability, ability to multiplex, and ability to overexpress 34 
relevant gene isoforms and large transcripts from their endogenous loci. CRISPRa can 35 
furthermore target non-coding genes and regulatory loci for transcriptional activation. CRISPRa 36 
is most commonly achieved by the fusion of dCas9 with the transactivation domains (ADs) of 37 
transcription factors (TFs), which promote transcription by, in turn, recruiting transcriptional and 38 
epigenetic machinery, including general transcription factors, the Mediator complex, and 39 
chromatin-modifying enzymes. The first generation of CRISPRa vectors used several copies of an 40 
11 amino acid peptide representing the minimal activation domain (AD) of the herpes simplex 41 
virus type 1 TF virion protein 16 (VP16) (3, 5, 7). More potent second-generation activators 42 
relied on recruiting additional ADs (4, 6, 8-10), either by fusion to dCas9 or through 43 
bacteriophage RNA-aptamers engineered into the scaffold portion of the sgRNA, or both. Among 44 
the most potent and commonly used CRISPRa approaches is the synergistic activation mediator 45 
(SAM) system (4, 10) (Fig. 1A). In the SAM system, dCas9 is fused to four copies of the VP16 46 
minimal AD (VP64) and loaded with an aptamer-modified sgRNA which in turn recruits the MS2 47 
or PP7 bacteriophage coat protein (MCP/PCP)-fused ADs of p65 or HSF1. We will abbreviate 48 
MCP or PCP-fused p65AD-HSF1AD synthetic transcriptional activators as MPH and PPH here. 49 
The original SAM system consists of 3 lentiviral vectors (LVs) (4), expressing dCas9-VP64, 50 
MPH, and the aptamer-modified sgRNA, respectively. A subsequent version of SAM aimed to 51 
improve the titer of the original MPH-encoding LV and reduce the number of required LVs to 52 
two vectors (11) by combining a PPH activator protein and an aptamer-modified sgRNA in a 53 
single vector (pXPR_502, Fig. 1B). In a conceptually different approach (12), with potentially 54 
distinct target preferences (13), CRISPRa is achieved through dCas9- or sgRNA-mediated 55 
recruitment of histone or DNA-modifying enzymatic domains (12), such as the catalytic histone 56 
acetyltransferase (HAT) core domain of the human E1A-associated protein p300 (14).  57 

We attempted to establish the SAM system for our work in primary effusion lymphoma (PEL) B 58 
cell lines, a cell model we have extensively used in CRISPR/Cas9 screens (15-17). During these 59 
experiments, we encountered difficulties with LVs encoding MPH or PPH fusion proteins, 60 
including apparently low lentiviral titers and an inability to obtain transduced cell pools at 61 
expected efficiencies in several different PEL cell lines. Here, we systematically investigated the 62 
technical barriers to adapting CRISPRa for our work. Our results suggest that both published and 63 
novel vectors expressing activators used for CRISPRa exhibit pronounced cytotoxicity, leading to 64 
low lentiviral titers and target cell death. This toxicity could confound studies using CRISPRa and 65 
should be considered in the further development of this technology. 66 

Results  67 

SAM activation domain vectors are toxic under conditions used for screening 68 

To investigate the reasons for our inability to implement robust protocols for SAM-based 69 
CRISPRa in PEL cell lines, we initially focused on a set of pXPR_502 vectors (11) (Fig. 1B), 70 
expressing the PPH activator fusion protein and either the genome-scale Calabrese sgRNA library 71 
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set A (11) (Cala-A) or individual sgRNAs targeting the safe harbor locus adeno-associated virus 72 
integration site 1 (AAVS1) or the promoter of the non-essential gene cereblon (CRBN), which we 73 
have stably overexpressed in PEL cells using a lentiviral cDNA vector in an unrelated study (18). 74 
As a control, we used an LV expressing a ZsGreen-P2A-PuroR cassette (17) (Fig. 1C). All 75 
transfer vectors used in this study were well below the size limit for efficient packaging of HIV-76 
based LVs (see below). We titered LV stocks by qRT-PCR and functionally in the PEL cell line 77 
BC-3 (19). For functional titration, we counted the percentage of cells that survived puromycin 78 
selection for all vectors and additionally used flow cytometry for the ZsGreen vector (see 79 
Methods). pXPR_502 vector preparations had lower qRT-PCR-based titers than the LV 80 
expressing ZsGreen (Fig. 1D), despite using an optimized amount of transfer vector during 81 
pXPR_502 packaging (see Methods and compare relative titers in Fig. 1D to those in Fig. 2D, 82 
where we used a standard packaging protocol). The discrepancies in the calculated functional 83 
titers were even greater than for the genomic RNA (LV-gRNA) content (Fig. 1E-F), which could 84 
result from a loss of transduced cells due to MPH toxicity soon after transduction, thereby 85 
confounding results from antibiotic selection.  86 

To further quantify this effect, we transduced BC-3 expressing dCas9-VP64 or parental 87 
BC-3 at a multiplicity of infection (MOI) of ~0.3, either based on the calculated functional titer of 88 
each vector (“F”) or based on LV-gRNA copy numbers relative to the ZsGreen-expressing control 89 
vector (“R”). Similar MOIs are typically used in CRISPR screens to ensure delivery of one 90 
sgRNA per transduced cell. We selected the resulting cell pools using puromycin and performed 91 
growth curve analyses. For both cell lines, a close to expected fraction of the ZsGreen control 92 
vector-transduced cells survived puromycin selection (~39% compared to untransduced and 93 
unselected control cells on day 3 after transduction, ~6.5% range) and proliferated similarly to 94 
untransduced cells once puromycin selection was complete (Fig. 1G-H, S1A-B). In contrast, 95 
dramatically fewer pXPR_502-transduced cells survived over time for either titration approach, 96 
likely indicating ongoing transgene toxicity (Fig. 1G-H, Fig. S1A-B). This toxicity was 97 
independent of the specific sgRNA insert and the presence of dCas9-VP64 and associated gene 98 
activation, which we readily observed for sgCRBN (Fig. 1I-J). After continued passage, 99 
pXPR_502-transduced cell pools that proliferated normally were obtained by about day 9 after 100 
transduction, demonstrating that it is possible to obtain cells that have overcome PPH toxicity 101 
(Fig. 1H, S1B). Western blot analyses show that these passaged cell pools had ~5-fold reduced 102 
expression levels of PPH (Figs. 1I, Fig. S1C-D) and, therefore, either contain cells with low initial 103 
PPH expression or those that have undergone changes resulting in lower PPH expression. These 104 
cell pools maintained a reduced level of CRISPRa-based gene activation (Fig. 1I-J). Low titer and 105 
severe toxicity in BC-3 cells were also evident with commonly used MPH-encoding vectors for 106 
the 3-LV SAM system (4, 20), showing that our findings are not exclusive to pXPR_502 (Fig. 107 
1K-L). In these experiments, differences between the original (lenti MS2-P65-HSF1_Hygro (4)) 108 
and an updated (lentiMPH v2 (20)) MPH vector did not reach statistical significance over three 109 
independent virus preparations and transductions.  110 

Several MCP-Fused CRISPRa Activators are Toxic Across Contexts 111 

We next tested whether these observations were unique to the PEL model by repeating the 112 
experiment for pXPR_502-sgAAVS1 in the melanoma cell line A375, which was used in several 113 
published CRISPRa screens (4, 11). Following transductions at ~MOI 0.25, based on LV-gRNA 114 
content and the functional titer of the ZsGreen-expressing positive control vector, pXPR_502-115 
toxicity was also pronounced in A375, suggesting that toxicity is not unique to the PEL model 116 
(bars 1 and 2 in Fig. 2A). As for BC-3, we were able to grow out pXPR502-transduced A375 cell 117 
lines after a severe bottleneck (not shown).  118 
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To map potentially cytotoxic components of the M/PCP-p65AD-HSF1AD fusion proteins, 119 
we constructed a lentiviral vector expressing only MCP-p65AD-HSF1AD (MPH), versions lacking 120 
MCP (∆M), p65AD (∆P), HSF1AD (∆H), or p65AD-HSF1AD (∆PH), and a matched control vector 121 
expressing only the puromycin resistance gene (CMV-Puro, for vector schematics see Fig. 2B and 122 
for expression controls see Fig. S2). We finally constructed matched vectors expressing fusions of 123 
MCP with VP64 or the HAT core domain of p300 (p300Core) (Fig. 2C), reasoning that these 124 
vectors could eventually be used together with dCas9-p300Core or dCas9-VP64, respectively, as 125 
proposed previously (21). All fusion proteins were targeted to the nucleus using dual nuclear 126 
localization signals (NLS) flanking MCP, like in pXPR_502. After normalizing for LV-gRNA 127 
copies relative to the ZsGreen control, the CMV-Puro LV achieved the expected numbers of 128 
transduced cells, validating our titration strategy (Fig. 2A). In contrast, few cells survived 129 
transduction with the MPH-encoding LV. Deletion of each AD partially rescued vector toxicity 130 
and deletion of both ADs eliminated toxicity.  131 

Interestingly, p65AD-HSF1AD deletion also rescued LV titers, suggesting that the low titers 132 
of MPH vectors likely result from AD toxicity in the producer cells (Fig. 2D). MCP-VP64-133 
transduced cells did not experience toxicity (Fig. 2A) consistent with our ability to establish 134 
dCas9-VP64-expressing PEL cell lines. The lack of VP64 toxicity in A375 could be due to its 135 
weaker activator activity and lower levels of MCP-VP64 expression (Fig. S2B-C). In contrast, 136 
MCP-p300 expression was toxic in A375 (Fig. 2A). MCP-p300Core-transduction at single copy 137 
resulted in a readily detectable increase in lysine acetylation, including autoacetylation of MCP-138 
p300Core (Fig. S3 and below), suggesting an sgRNA-independent off-target activity of this fusion 139 
protein. MCP-p300Core-induced lysine acetylation was partially reversed by treatment with 140 
increasing concentrations of A-485 (Fig. S3), an inhibitor of the catalytic activity of p300/CBP 141 
(22). A-485 treatment furthermore significantly, albeit partially, rescued the survival MCP- 142 
p300Core-transduced cells (Fig. 2E). While the toxicity of A-485 precluded testing higher 143 
concentrations, the substantial rescue of MCP-p300Core toxicity by partial HAT inhibition further 144 
validates our titration approach and shows that the toxicity of this vector is at least partially due to 145 
p300 HAT activity.  146 

Using a genetic approach, we constructed a p300Core mutant with inactivated HAT activity 147 
(p300Core/D1399Y) (14). In the same experiment, we tested MCP fusions with the recently 148 
reported NFZ and NZF triple AD cassettes (23), containing the ADs of the TFs NCOA3 (N), 149 
FOXO3 (F), and ZNF473 (Z) in a different order (Fig. 2F). While NFZ and NZF were previously 150 
only tested following direct dCas9-mediated recruitment, we tested them as MCP fusion proteins, 151 
which could eventually improve AD potency during CRISPRa through multicopy recruitment 152 
through MS2 stem-loops, while mitigating MPH toxicity. NFZ/NZF fusion to MCP furthermore 153 
enables a direct comparison to other constructs in this figure. As expected, based on the A-485-154 
mediated rescue, the p300Core/D1399Y mutation rescued LV titers and strongly reduced p300Core 155 
toxicity (Fig. 2G-H). p300Core/D1399Y-mutation additionally abolished off-target acetylation and 156 
autoacetylation of the MCP-p300Core (Fig. 2I). MCP-NZF and MCP-NFZ constructs had low titers 157 
and measurable toxicity in this experimental context, showing that these new activators are 158 
unlikely to overcome the toxicity of current CRISPRa systems completely. Retesting a subset of 159 
the vectors in this figure by transduction of BC-3 cells confirmed the reduced toxicity after AD 160 
deletion or p300 mutation and MCP-NFZ/NZF toxicity in a second cellular context (Fig. S4).  161 

Inducible MPH expression is toxic in various cell lines 162 

In the experiments shown above, toxicity occurred already during the antibiotic selection of the 163 
transduced cells, making it difficult to distinguish low titer from transgene toxicity. Our finding 164 
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that cells that survive the toxicity bottleneck have reduced activator expression (Figs. 1H-J, S1B-165 
D) suggests that high levels of activator expression are toxic, while lower expression levels might 166 
be tolerated. To uncouple antibiotic selection from transgene toxicity and allow for tunable 167 
activator expression, we constructed a doxycycline-inducible expression vector for MPH and 168 
established cell lines based on BC-3, BC-3/dCas9-VP64, A375, the T cell line Jurkat, and 293T 169 
by LV transduction at single copy. We observed dose-dependent doxycycline-induced toxicity 170 
upon MPH induction in each cell line (Figs. 3, S5), showing that toxicity can be uncoupled from 171 
LV transduction and suggesting that the activation domains of at least p65AD and HSF1AD are 172 
toxic across an expanded set of cellular contexts. 173 

The SAM system is unlikely to allow efficient CRISPRa without measurable toxicity   174 

Leveraging the inducible MPH expression vector, we tested whether there is a window of MPH 175 
expression that allows for CRISPRa without measurable toxicity or prior adaptation to MPH 176 
expression. Based on our result that toxicity was measurable 2 days after induction with 8ng/ml 177 
Dox, we treated BC-3/dCas9-VP64/Tet-ON-MPH cells with concentrations between 2 and 8 178 
ng/ml Dox. This resulted in a window of MPH expression with a ~45-fold range two days into 179 
induction (Figs. 4A-B, S6A). The increased MPH expression was accompanied by increasing 180 
toxicity (Fig. 4C, S6B). Based on these data, we additionally transduced the cells with vectors 181 
expressing sgAAVS1 or sgCRBN a1 (see Fig. S6C for a schematic). This approach resulted in a 182 
modest CRISPRa-mediated overexpression of CRBN upon induction of MPH, but not upon 183 
hrGFP2, despite the expression of VP64 (Fig. 4D-E). The overexpression of CRBN reached 184 
significance at 5ng/ml DOX, a concentration that killed 40% of the culture within 6 days of 185 
induction. This result suggests that the SAM system is unlikely to allow for robust CRISPRa 186 
without any measurable toxicity. 187 
 188 
Discussion  189 

Our data show that ectopic expression of transcriptional activator cassettes that are commonly 190 
used for CRISPRa is cytotoxic. For the SAM system, toxicity is pronounced even when published 191 
lentiviral vectors are delivered at single copy into cell types that were previously used for 192 
CRISPRa screens, such as A375. Activator domain toxicity is likely responsible for the low titers 193 
of these LVs, since AD deletions that rescued toxicity after transduction also rescued RNA-based 194 
LV titers. While MPH-transduced cells can be grown out, the observed vector toxicity represents 195 
a strong perturbation, and the bottleneck these cells experience likely affects screening results, 196 
particularly when MPH is delivered together with the sgRNA. Activator toxicity can additionally 197 
cause functional titrations to substantially underestimate LV titer (Fig. 1F), which could result in 198 
the unintentional delivery of several sgRNA per cell during screens, thereby further confounding 199 
results.  200 

Although the literature reports the low titer of LVs used for CRISPRa (11, 20), there are 201 
few reports of CRISPRa off-target toxicity, perhaps because cells can eventually be grown out 202 
from the initial bottleneck. In flies, fusion of either MCP or dCas9 to the catalytic domain of the 203 
HAT CBP was reported to result in male sterility and off-target lysine acetylation (13), similar to 204 
Figs. 2I and S3. A recent report mentions an inability to establish cell lines expressing dCas9 205 
fused to VP64, p65, and Epstein-Barr virus RTA ADs (dCas9-VPR) (9, 23). 206 

While our experiments have not addressed the mechanisms of CRISPRa vector toxicity 207 
directly, ADs of viral or cellular TFs may compete with endogenous transcription factor 208 
complexes for cofactors that are limiting, in a process reminiscent of “cofactor squelching” for 209 
example by VP16 (24-26). It is also possible that AD-fusion proteins are recruited to and interfere 210 
with the function of endogenous TF complexes. Since the weak activator VP64 was well tolerated 211 
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after transduction, it appears likely that activator strength correlates with toxicity, although there 212 
may be cell type-specific differences, as suggested by the imperfect correlation between titers of 213 
293T-derived vector stocks (Fig. 2B) and toxicity in A375 (Fig. 2A).  214 

While CRISPRa by recruitment of enzymatic domains could potentially overcome toxicity 215 
due to cofactor competition by highly expressed ADs, LVs expressing fusion proteins of MCP 216 
with the p300Core domain were also toxic, at least partially due to unintended acetylation events. 217 
Rescue from toxicity upon AD deletion or p300Core-HAT inactivation suggests toxicity is unlikely 218 
due to competition for the nuclear import machinery since all constructs contained two NLS 219 
motifs in each fusion protein. Further studies of the mechanisms underlying CRISPRa toxicity 220 
might identify strategies to overcome the limitations of current CRISPRa systems and inform our 221 
understanding of basic concepts of transcriptional regulation, including physiological competition 222 
for limiting cofactors. Our results also underscore the importance of characterizing the recruited 223 
factors for each AD and developing additional ADs for CRISPRa (23, 27, 28). 224 

We speculate that difficulties implementing CRISPRa in the broader community may be 225 
limiting to the wide adaptation of this technology. The development of this technology should 226 
therefore include assessing the toxicity of CRISPRa vectors and testing strategies to limit this 227 
toxicity. Since transduced cells that grow out after passage had strongly reduced p65AD-HSF1AD 228 
expression, one strategy to overcome or manage CRISPRa toxicity could be to reduce the 229 
expression of AD-fusion proteins, for example by avoiding unnecessary codon optimization, 230 
using weaker or inducible promoters, or omitting sequences that boost gene expression from 231 
lentiviral vectors, such as the Woodchuck Hepatitis Virus posttranscriptional regulatory element 232 
(WPRE). Our results with inducible MPH vectors, however, suggest that it might be difficult to 233 
identify tolerated expression levels that allow for efficient CRISPRa in the absence of toxicity or 234 
selecting surviving cells, as we have done in Fig. 1.  235 

In principle, inducible dCas9-triple activator fusions, including dCas9-VPR or dCas9-236 
NFZ, could result in more efficient complex assembly due to the requirement for only two 237 
complex components (dCas9-AD fusion protein and sgRNA) compared to the assembly of three 238 
components in the SAM system. These dCas9 fusion proteins may also be less well-expressed and 239 
therefore less toxic than smaller MCP-AD fusions. Aptamer-mediated recruitment in contrast 240 
offers the potential for multicopy recruitment of MCP-AD fusions at lower expression level. 241 
Regardless of the approach, monitoring and controlling for AD toxicity after transduction is likely 242 
easier in CRISPRa systems where AD-expressing cell lines are established and validated first, 243 
followed by delivery of only the sgRNA during screening. Experimentally evolving the CRISPRa 244 
machinery for more efficient dCas9-AD-sgRNA-target complex assembly or reduced toxicity 245 
represents a final strategy. 246 

Until CRISPRa systems with less pronounced toxicity are developed, best practices for 247 
performing CRISPRa experiments and screens we recommend include (i) performing titrations of 248 
constitutive AD-expressing LVs by qRT-PCR relative to a non-toxic vector, like in Figs. 1 and 2, 249 
or by including a fluorescent marker that can be analyzed before evident toxicity, (ii) establishing 250 
and validating activator-expressing cell lines before delivery of sgRNAs, while monitoring vector 251 
toxicity, and (iii) validating any screening results in unmodified cell lines using orthogonal 252 
methods, such as cDNA expression. While these approaches may help control for the toxicity of 253 
CRISPRa in a laboratory setting, it could be more difficult to control and overcome the toxicity of 254 
CRISPRa in clinical applications.  255 

In sum, while CRISPRa remains a conceptually appealing approach, our work reveals the 256 
importance of measuring activator domain toxicity of CRISPRa systems. Our results also 257 
underscore the importance of understanding mechanisms of AD action and CRISPRa off-target 258 
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toxicity, developing additional CRISPRa activators, and designing approaches that overcome 259 
toxicity.  260 

Our study seeks to point out and characterize an important caveat of current CRISPRa 261 
technologies. Limitations of this study include that we have focused on the SAM system, 262 
NFZ/NZF, and the p300Core domain and have not tested all published activators, leaving, for 263 
example, VPR and the CBP HAT domain for future investigation. We have limited our study of 264 
published vectors to the most used subset. Our experiments do not include in-depth mechanistic 265 
investigations of the observed toxicity, and we have explored only a subset of approaches one 266 
could use to overcome the toxicity of current CRISPRa approaches experimentally. 267 
 268 
Materials and Methods 269 
Experimental Design 270 
AM, SJ, and EG specifically designed this study to quantify and characterize the unexpected 271 
performance of lentiviral vectors and resulting cell lines expressing CRISPRa components. These 272 
initially “anecdotal” effects included poor titer, unexpectedly poor or no outgrowth of transduced 273 
cell lines, and failure to recover established cell lines after storage in liquid nitrogen. 274 
 275 
Cell Culture 276 
293T/17 (“293T”) (ATCC, CRL-11268) were grown in Dulbecco’s Modified Eagle’s Medium 277 
(DMEM, Corning, 10-017-CV) containing 10% Serum Plus™ II Medium Supplement (Sigma-278 
Aldrich 14009C-500ML, Batch Number: 21C421) and 10 µg/ml gentamicin. A375 (ATCC, CRL-279 
1619) were grown in DMEM containing 10% fetal bovine serum (FBS, Corning, 35-010-CV) and 280 
10 µg/ml gentamicin (Gibco, 15710072). BC-3 (ATCC, CRL-2277) were grown in RPMI 281 
(Corning, 10-040-CV), containing 20% FBS and 10 µg/ml gentamicin.  282 
 283 
Published Constructs. 284 
The Human Calabrese CRISPR activation pooled library set A (11) was a gift from David Root 285 
and John Doench (Addgene #92379). pXPR_502 (11) was a gift from John Doench & David Root 286 
(Addgene plasmid # 96923; http://n2t.net/addgene:96923; RRID:Addgene_96923). pLX-sgRNA 287 
(29) was a gift from Eric Lander & David Sabatini (Addgene plasmid # 50662; 288 
http://n2t.net/addgene:50662; RRID:Addgene_50662). lentiGuide-Puro (30) was a gift from Feng 289 
Zhang (Addgene plasmid # 52963). pcDNA-dCas9-p300 Core (14) was a gift from Charles 290 
Gersbach (Addgene plasmid # 61357; http://n2t.net/addgene:61357; RRID:Addgene_61357). 291 
Lenti dCAS-VP64_Blast (4) was a gift from Feng Zhang (Addgene plasmid # 61425; 292 
http://n2t.net/addgene:61425; RRID:Addgene_61425). lenti MS2-P65-HSF1_Hygro (4) was a gift 293 
from Feng Zhang (Addgene plasmid # 61426; http://n2t.net/addgene:61426; 294 
RRID:Addgene_61426). lentiMPH v2 (20) was a gift from Feng Zhang (Addgene plasmid # 295 
89308; http://n2t.net/addgene:89308; RRID:Addgene_89308). pMD2.G was a gift from Didier 296 
Trono (Addgene plasmid # 12259; http://n2t.net/addgene:12259; RRID:Addgene_12259). 297 
psPAX2 was a gift from Didier Trono (Addgene plasmid # 12260; http://n2t.net/addgene:12260; 298 
RRID:Addgene_12260). pLC-ZsGreen-P2A-Puro and pLC-ZsGreen-P2A-Hygro are available as 299 
Addgene plasmids #124302 and #124301 (17).  300 
 301 
New Constructs 302 
All primers and gBLOCKs were from IDT, for sequences see Table S1. All inserts and immediate 303 
vector context were confirmed by Sanger sequencing (ACGT), except when noted otherwise.  304 
 305 

To clone pLC-dCas9VP64-T2A-eGFP, dCas9-VP64 was amplified from lenti dCAS-306 
VP64_Blast (4) using primers 4396 and 4397, EGFP was amplified from pLCE (31) using 307 
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primers 4398 and 4395. Products were used for Gibson Assembly with the NheI-EcoRI vector 308 
fragment of pLCE. 309 
 310 

To clone pXPR_502-sgAAVS1 and pXPR_502-sgCRBN-a1, pXPR_502 was cut using 311 
Esp3I (BsmBI, Thermo Fisher Scientific, ER0452) and subjected to T4 DNA ligation with 312 
annealed oligos 2692/2693 (AAVS1) or 4684/4685 (CRBN sg-a1, which was picked from the 313 
Calabrese library set A).  314 
 315 

For Fig.2, we initially constructed an “empty” lentiviral vector pLenti-2xMCS (pL2M) for 316 
flexible insertion of promoter-transgene cassettes upstream and downstream of a central 317 
polypurine tract (cPPT). For the vector backbone, we cut pLX-sgRNA (29) with NotI-HF and 318 
NheI-HF to remove a fragment beginning upstream of the Rev response element (RRE) and 319 
ending just upstream of the woodchuck hepatitis virus post-transcriptional regulatory element 320 
(WPRE). We then re-inserted PCR-amplified fragments containing the RRE (primers 5151 and 321 
5152) and the cPPT (primers 5153 and 5154) using Gibson assembly, resulting in a vector with 322 
the following features: RSV/R-U5-Psi-RRE-(MluI-EcoRI)-cPPT-(XhoI-NheI-AgeI-SalI) -WPRE- 323 
SalI -SIN3’LTR. pL2M shares its backbone and LTR sequences with the commonly used sgRNA 324 
plasmids pLX-sgRNA (29), lentiGuide-Puro (30), and pXPR_502 (11).  325 
 326 

To insert a CMV promoter into the MCS 3’ to the cPPT, L2M was cut using XhoI and 327 
NheI-HF. The CMV promoter was amplified from pLCE (31) using primers 5157 and 5164. The 328 
resulting fragment was digested with XhoI and NheI-HF and ligated into the cut vector using T4 329 
DNA ligase. We named the resulting vector pL2M-CMV. We next inserted a puromycin 330 
resistance gene under CMV control in pL2M-CMV to clone pL2M-CMV-Puro. First, pL2M-331 
CMV was cut using NheI-HF and AgeI-HF. The puromycin resistance gene was amplified from 332 
lentiGuide-Puro (30) using primers 5163/5160, 5183/5184, and 5183/5160. Resulting PCR 333 
products were pooled, digested with NheI-HF and AgeI-HF, and ligated into the vector using T4 334 
DNA ligase.  335 
 336 

pL2M-CMV-MPH-P2A-Puro and deletion mutants. To insert the MPH-P2A-PuroR fusion 337 
proteins under CMV control, pL2M-CMV was cut using NheI-HF and AgeI-HF. A fragment 338 
containing a portion of the CMV promoter, and NLS-MCP-linker-SV40-NLS sequences were 339 
ordered as gBlock 5169 (IDT). We PCR-amplified a fragment containing codon altered murine 340 
p65AD and unaltered human HSF1AD from an unpublished version of lenti MS2-P65-HSF1_Hygro 341 
(4) that was modified for blasticidin resistance, using primers 5170/5171. We PCR-amplified a 342 
fragment containing P2A-puroR from pZIP-P2A-Puro (18) using primers 5172/5160. Fragments 343 
were joined by Gibson Assembly. In the context of the resulting vector, pL2M-CMV-MPH-P2A-344 
Puro, we deleted the MCP coat protein using primers 5225/5226, the p65AD using primers 345 
5224/5221, the HSF1AD using primers 5220/5249, and p65AD-HSF1AD using primers 5220/5221 346 
and the Q5® Site-Directed Mutagenesis Kit (NEB, #E0552S). Resulting mutants were confirmed 347 
by full plasmid sequencing (Plasmidsaurus).  348 
 349 

To clone pL2M-CMV-MCP-VP64-P2A-Puro, pL2M-CMV-MPH-P2A-Puro was cut 350 
using NheI-HF and BamHI-HF. A fragment containing VP64 was PCR amplified from pLC-351 
dCas9VP64-T2A-eGFP using primers 5370/5371. The vector, the PCR amplified fragment, and 352 
gBlock 5169 were joined by Gibson Assembly.  353 
  354 

To clone pL2M-CMV-MCP-p300Core-HA-P2A-Puro, pL2M-CMV-MPH-P2A-Puro was 355 
cut using NheI-HF and BamHI-HF and the resulting vector backbone was used for Gibson 356 
Assembly with gBlock 5169 (see above) and a fragment containing p300Core-HA tag that was 357 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 23, 2024. ; https://doi.org/10.1101/2024.09.23.614524doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.23.614524
http://creativecommons.org/licenses/by-nc-nd/4.0/


Page 9 of 19 
 

PCR amplified from pcDNA-dCas9-p300 (Addgene # 61357) using primers 5372/5373. We 358 
introduced the D1399Y mutation using primers 5535/6 and the Q5® Site-Directed Mutagenesis 359 
Kit. The resulting mutant was confirmed by full plasmid sequencing (Plasmidsaurus). 360 

 361 
To clone pLCM-CMV-MCP-NFZ/NZF-P2A-Puro, we cut pL2M-CMV-MPH-P2A-Puro 362 

using NheI-HF and BamHI-HF and used the resulting vector for Gibson Assembly with 363 
synthesized fragments 5533 (NFZ) or 5534 (NZF) (Twist Bioscience). 364 

 365 
For the sgRNA vectors used in Fig. 4, we excised the PPH-2A-Puro cassette with BamHI 366 

and MluI. We used Gibson assembly to insert a puromycin resistance cassette we PCR amplified 367 
using primers 5554/5555 and pL2M-CMV-Puro as a template. The resulting vectors are pXPR-368 
Puro-sgAAVS and pXPR-Puro-sgCRBN-a1 (see Fig. S6C for a schematic). 369 
  370 

To clone the Tet-ON LV pTO-Zeo-∆WPRE, we cut pLVX-TetOne-Zeo (32) with MluI 371 
and NheI and performed Gibson Assembly with a PCR product (primers 5530/2) containing the 372 
self-inactivating LTR sequence amplified from pL2M. We next inserted MPH or hrGFP2 373 
cassettes between the EcoRI/AgeI sites of this vector to clone pTO-Zeo-∆WPRE-MPH or -374 
hrGFP2. 375 
 376 
Production of lentiviral vectors 377 
To produce lentiviral vectors, we co-transfected each transfer vector with pMD2.G and psPAX2 378 
into 293T/17 cells using a 0.624 mg/ml PEI MAX (Polysciences, Catalog # 24765) stock solution 379 
(pH 7.4, adjusted using NaOH) and 0.4 pmol DNA/6 well, 3 pmol DNA/10 cm dish, or 7 pmol 380 
DNA/15 cm dish, at a ratio of 3.5 µl PEI MAX per 1 µg DNA. A molar ratio of 45% transfer 381 
vector, 35% psPax2, and 20% MD2.G was used, except for Fig. 1 and Fig. S1, where all toxic 382 
vectors were packaged using 15% transfer vector, ~54% psPax2, ~31% pMD2.G, since we found 383 
that reducing the amount of transfer vector increases pXPR_502-based lentivirus titers (compare 384 
RNA-based titers in Fig. 1D, where 15% transfer vector was used, to those in Fig.2D, where 45% 385 
transfer vector was used, p=0.04, ~1.8x improved titer with 15%). This observation is likely 386 
explained by reduced vector toxicity when a lower amount is transfected. Culture media were 387 
changed ~4 hours after transfection. Approximately 72 hours after transfection, we filtered 388 
supernatants through 450nm pore size filters and froze aliquots at -80°C. For Fig. 1, lentivirus 389 
was first concentrated by ultracentrifugation (Beckman SW 32 Ti rotor, 80,000 x g, 1 hour, 4°C), 390 
pellets were incubated with Opti-MEM (Gibco, 31985070) on a platform shaker for at least one 391 
hour at 4°C, resuspended by pipetting up and down 20-25 times, and then frozen in aliquots.  392 
 393 
Lentiviral titration 394 
For lentivirus titration by qRT-PCR, we used the LentiX qRT-PCR kit (Takara) according to the 395 
manufacturer’s instructions. For functional titration by flow cytometry (FACS) or cell counting, 396 
serial dilutions of lentiviral stocks were used to transduce target cells in the presence of 5 µg/ml 397 
polybrene. For A375, we plated 15,500 cells/cm2 the afternoon before transduction. For BC-3 or 398 
BC-3 dCas9-VP64, we split cultures to 3-5 x 105 cells/ml the day before transduction, to ensure 399 
robustly proliferating cultures. The next day, BC-3 or BC-3 dCas9-VP64 were adjusted to 3 x 105 400 
cells/ml and ~0.208 ml/cm2. For GFP-based titration, FACS was performed on a BD FACS Canto 401 
II, two days after titration with (A375) or without (BC-3) changing media the day after 402 
transduction. For functional titration in A375, we changed the culture medium ~24 hours after 403 
transduction to medium containing 1 mg/ml puromycin, maintaining unselected and selected 404 
untransduced controls. For functional titration in BC-3, we added 1 µg/ml puromycin without 405 
changing the medium, maintaining unselected and selected untransduced controls. 24-30 hours 406 
later, when no viable cells remained in the selected untransduced control well, we counted the 407 
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surviving cells using trypan blue exclusion assay and flow cytometry (ZsGreen controls) and 408 
calculated the percentage of live or GFP-positive relative to the untransduced and unselected 409 
control. Functional titers were calculated from 4-20% of surviving or GFP-positive cells, 410 
assuming a single transduction event per cell.  411 
 412 
Lentiviral transductions 413 
For all transductions, cell numbers and media volumes were scaled approximately by surface 414 
area. LVs were added at the indicated MOIs. 24 hours after transduction, A375 were split 1:2 and 415 
at the same time selected using 1 µg/ml puromycin. Selecting A375 on day 2 after transduction 416 
independently of splitting did not result in improved survival of activator-domain transduced cells 417 
(not shown). BC-3 or BC-3/dCas9-VP64 were collected by low-speed centrifugation and 418 
resuspended in new medium containing 1 µg/ml puromycin or 300 µg/ml hygromycin. Cell Titer 419 
Glo 2.0 (Promega) was used as instructed at the time points indicated in the manuscript, upon 420 
completion of selection, determined using a selected untransduced control sample. 421 
 422 
Establishment of BC-3-dCas9-VP64 423 
pLC-dCas9VP64-T2A-eGFP LV was produced as described above and used to transduce BC-3 424 
cells at ~MOI 0.6, resulting in ~45% GFP positive cells. We sorted the top 20% GFP expressors 425 
using a FACS Aria system, obtaining 4.4x105 live cells that were grown out into the cell pool that 426 
was used here (BC-3/dCas9-VP64). 427 
 428 
Growth Curve Analyses in BC-3 429 
BC-3 or BC-3/dCas9-VP64 were transduced and selected as outline above. The unselected and 430 
untransduced control cells were typically counted and split the next day, while other samples were 431 
first analyzed and passaged 3 (puromycin) or 4 (hygromycin) days after transduction, when 432 
selection was complete. At the first passage after selection, all samples were centrifuged, and cells 433 
were resuspended in medium without puromycin or hygromycin. From this time point onwards, 434 
untransduced and unselected control cells were split together with transduced cell pools. Growth 435 
curve analysis was done using Cell Titer Glo 2.0 and resulting values were normalized to cell 436 
counts obtained by trypan blue exclusion assay and manual counting of control samples at each 437 
passage. At each passage, all samples were adjusted to 3x105 cells/ml, by either diluting or 438 
concentrating samples. For cumulative growth curve analyses in Fig. 1G and Fig. S1A, cell 439 
counts at each passage were multiplied by all previous dilution factors, prior to normalization to 440 
numbers from the control cell pool. 441 
 442 
Western Blots 443 
Cells were washed with cold PBS and lysed with RIPA containing protease inhibitor cocktail 444 
(16). For A375, cells were scraped into RIPA buffer without prior detachment. For BC-3, cells 445 
were collected by low-speed centrifugation. For D3 lysates, cultures were subjected to a dead-cell 446 
removal step using the Miltenyi Biotec Dead Cell Removal Kit (Order no. 130-090-101), MS 447 
columns, and an OctoMACS separator, all as instructed, since cultures contained large numbers 448 
of dead cells right after low MOI transduction and selection. Day 12 lysates did not contain a 449 
substantial number of dead cells and were collected directly. After 15 min lysis on ice, lysates 450 
were sonicated for 6 cycles (30 seconds on, 30-40 seconds off), cleared by centrifugation, and 451 
quantified using BCA assay. Equal amounts of total protein were separated on 4-12% Bis-Tris 452 
gels and transferred to nitrocellulose membranes. Membranes were blocked for one hour or 453 
overnight in TBS containing 5% non-fat milk powder. Primary antibodies were used at 1:1000 454 
dilutions in TBS containing 0.1% Tween (TBST) and 5% non-fat milk powder. Membranes were 455 
washed 3x 15 minutes in TBST, incubated with IRDye-800-conjucated secondary antibodies (LI-456 
COR) at 1:10,000 in TBST containing 5% non-fat milk powder. The following primary antibodies 457 
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were used: rabbit anti-HSF1 (Cell Signaling Technology 4356), rabbit anti acetylated-Lysine 458 
(Cell Signaling Technology 9441), rabbit anti-Enterobacterio Phage MS2 Coat Protein (Millipore-459 
Sigma, ABE76-I), rabbit anti-CRBN (sigma-Aldrich, HPA045910, Fig. 1I), rabbit anti-CRBN 460 
(clone F4I7F, Cell Signaling Technology 60312, Fig. 4D), mouse anti-α-tubulin (Cell Signaling 461 
Technology 3873). Western Blots were imaged on LI-COR Odyssey FC or LI-COR M Imagers. 462 
 463 
Statistical Analysis 464 
Statistical analyses were done in Graphpad Prism 10, using two-tailed unpaired t tests, and 465 
considering p<0.05 as significant, unless indicated otherwise for specific analyses. Numbers of 466 
independent repeats are indicated for each experiment. 467 
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Figures 600 

Fig. 1 Published p65AD-HSF1AD-expressing LVs have low titers and result in lower-than-601 
expected outgrowth after transduction. 602 
(A) Schematic of the SAM CRISPRa system. sgRNA features are in orange. In pXPR_502, the 603 
sgRNA tetraloop is modified by two PP7 and two MS2 aptamers. 604 
(B) Schematic of the pXPR_502 lentiviral vector, showing the long-terminal repeats (LTRs), the 605 
Rev responsive element (RRE), the packaging signal (Ψ), the U6 promoter, the sgRNA cassette, 606 
the PGK promoter driving a nuclear PPH-T2A-PuroR fusion protein, the central polypurine tract 607 
(cPPT). SIN: self-inactivating. K: Kozak sequence. Not drawn to scale. 608 
(C) Schematic of pLC-ZsGreen-P2A-Puro, not drawn to scale, aligning similar components to 609 
panel B. 610 
(D) RNA titers of concentrated lentiviral stocks generated from pLC-ZsGreen-P2A-Puro, or 611 
pXPR_502 expressing sgAAVS1 (AAVS1), Calabrese Set A, or sgCRBN-a1 (CRBN). Data are 612 
from 3 independent stocks per LV. All titers were significantly different from that of the ZsGreen 613 
control, unpaired t test, p<0.05. Error bars represent SEM. 614 
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(E) Functional titers in unmodified BC-3 of the same LV stocks as in panel C, read on day 2 after 615 
transduction, after one day of puromycin selection. All titers were significantly different from that 616 
of the ZsGreen control, unpaired t test, p<0.05. Error bars represent SEM  617 
(F) Relative ratio of RNA-continaining LV particles to measured transducing units (TUs), 618 
calculated from values in C and D, assuming 2 LV-gRNAs per LV particle. Values were 619 
significantly higher than for the ZsGreen control, unpaired one-sided t test, p<0.05, except for 620 
Cala-A, as indicated by ns. The Cala-A value was significantly higher (p<0.05) using a ratio-621 
paired t-test. Error bars represent SEM. 622 
(G) Growth curve analyses of pXPR_502-transduced BC-3/dCas9-VP64. Shown are cumulative 623 
cell counts relative to ZsGreen-P2A-Puro (ZsGreen)-control transduced cells. Samples were 624 
transduced at a calculated MOI 0.3, based on either functional (F) or RNA (R) titers, relative to 625 
the titer of pLC-ZsGreen-P2A-Puro. 3 independent repeats, using the 3 LV preps from panels D-626 
F. For results from naïve BC-3, see Fig. S1A. All values differed significantly from the ZsGreen 627 
control, unpaired t test, p<0.05, n=3 independent repeats. Error bars represent SEM. 628 
(H) Fold increase over the previous passage on days 6, 9, and 12, from the same experiments 629 
shown in panel G. Values were normalized to the untransduced and unselected control samples 630 
(NT) in this analysis. For results from naïve BC-3, see Fig. S1B. Values were significantly 631 
different from NT at each time point unless specified by ns, unpaired t test, p<0.05. Error bars 632 
represent SEM. 633 
(I) Western Blot analyses of CRBN, PPH, and GAPDH expression in representative lysates taken 634 
on day 3 or day 12 after transduction from a subset of the samples shown in Fig. 1G-H. 635 
Endogenous HSF1 is marked “HSF1”. For quantification over 5 (day 3) or 2 (day 12) independent 636 
repeats, see Figs. 1J and S1D. For results from BC-3, see Figs. S1A-C. 637 
(J) Quantification of results shown in Fig. 1I. Data from 5 (day 3) or two (day 12) independent 638 
repeats. Unpaired t test. Error bars represent SEM. 639 
(K) As in Fig. 1D, but using a hygromycin resistant control vector (pLC-ZsGreen-P2A-Hyg) and 640 
lenti MS2-P65-HSF1_Hygro (4)  or lentiMPH v2 (20). Data are from three independent LV 641 
preparations. Values were significantly different from the ZsGreen control, unpaired t test, 642 
p<0.05. Differences between the two MPH vectors were not significant (ns). Error bars represent 643 
SEM. 644 
(L) As in Fig. 1G but using LVs from Fig. 1K and ending the growth curve on day 6. One repeat 645 
with each LV preparation, n=3 repeats overall. Results on day 4 and 6 differed significantly from 646 
the control, unpaired t test, p<0.05. Differences between the two MPH vectors were not 647 
significant at either time point. Error bars represent SEM.  648 
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Fig. 2 Toxicity results from the expression of strong ADs or the p300Core domain.  649 
(A) Relative survival of A375 cells following puromycin selection after transduction with pLC-650 
ZsGreen-P2A-Puro at MOI 0.25 based on functional titration and other LVs based on LV-gRNA 651 
content relative to pLC-ZsGreen-P2A-Puro. Cells were split (1:2) twenty-four hours after 652 
transduction and selected with puromycin. On day 3 after transduction, survival was measured 653 
using CellTiter-Glo 2.0 and normalized to the ZsGreen control. Four independent repeats using at 654 
least three independent LV stocks per vector. Results from pL2M-CMV vectors differed 655 
significantly from the matched CMV-Puro control unless indicated by ns, unpaired t-test, p<0.01. 656 
All samples had significantly higher viability than untransduced and selected controls (selected). 657 
Differences between MPH and the ∆P, ∆H, and ∆PH deletion mutants were significant (p<0.001), 658 
as were differences between ∆P or ∆H and ∆PH (p<0.02). **** denotes p<0.0001. Error bars 659 
represent SEM. 660 
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(B-C) Schematics of the LV vectors used in Fig. 2A and D, not drawn to scale. Components are 661 
labeled as in Fig. 1B. Numbers at left indicate the distance from the transcription start site to the 662 
polyA signal in kb, showing that each LV-gRNA is several kb below the ~9.2kb HIV genome. 663 
Distances were rounded up to the next decimal. Dashed lines represent sequences that are absent 664 
compared to the other vectors.  665 
(D) RNA titers of unconcentrated lentiviral stocks used in Fig. 2A, three independent virus stocks 666 
per vector. In this experiment, all vectors were packaged using 45% transfer vector (see Methods, 667 
resulting in a significantly greater discrepancy between pXPR502-sgAAVS1 and the ZsGreen 668 
control titers than in Fig. 1D, where 15% transfer vector was used for pXPR502, unpaired t test, 669 
p=0.04). Titers of all pL2M-CMV vectors differed significantly from the CMV-Puro control, 670 
except for MPH-∆PH, unpaired t test, p<0.05, n=3. Other p values are indicated in the figure. 671 
Error bars represent SEM.  672 
(E) The relative survival of pL2M-CMV-MCP-p300Core-transduced cells compared to that of 673 
pL2M-CMV-Puro-transduced cells increased upon treatment with the HAT inhibitor A-485. Cells 674 
were transduced and assayed as in panel A. Survival compared to the DMSO-treated control was 675 
significantly increased (unpaired t test, p<0.003, n=3), except for the lowest A-485 concentration, 676 
as indicated by ns. Error bars represent SEM. 677 
(F) Schematic of the LV used to express the MCP-NFZ/NZF fusion proteins in panels G-H. 678 
(G) RNA titers for additional LVs, as in panel Fig. 2D. Titers of all pL2M-CMV vectors were 679 
significantly different from the Puro control, except for M-p300D1399Y, unpaired t test, p<0.05, 680 
n=3. Other p values are indicated in the figure, ns not significant. Error bars represent SEM. 681 
(H) Relative survival of A375 cells after transduction at MOI 0.25, as in panel A. Survival of all 682 
pL2M-CMV transduced samples was significantly different from the Puro control, unpaired t test, 683 
p<0.05, n=3. All samples had significantly higher viability than untransduced and selected 684 
controls (selected). 685 
(I) Western Blot analysis of MCP fusion protein expression and lysine acetylation two days after 686 
transduction of A375 at MOI 0.25, without selection, but otherwise as in Fig. 2H. We note that 687 
off-target acetylation is detected against the background of a majority of untransduced cells in this 688 
experiment, due to low MOI transduction. The band marked by an asterisk likely represents 689 
MCP-p300 autoacetylation. 690 
  691 
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 692 

 693 
Fig. 3 Inducible MPH expression is toxic in various cell lines. 694 
(A) Schematic of the Dox-inducible lentiviral vector pTO-Zeo-∆WPRE. 695 
(B) Relative survival of untransduced (NT) BC-3, or BC-3 expressing Dox-inducible hrGFP2 or 696 
MPH, 50 hours into treatment with the indicated concentrations of Dox. 697 
(C-E) As in B, but in A375, Jurkat, and 293T, respectively. 698 
Throughout, **** denotes p<0.0001, *** p<0.001, ** p<0.01, * p<0.05, and ns “not significant”, 699 
unpaired t-tests, n=3-4 as indicated. Error bars represent SD over 3-4 biological repeats.   700 
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Fig. 4 The SAM system is unlikely to allow efficient CRISPRa without measurable toxicity. 701 
(A) Western Blot analysis of MPH expression, using anti-HSF1, 2 days into Dox-induction. 702 
(B) Quantification of results from panel A over n=3, MPH expression was sequentially 703 
normalized to α-tubulin and the normalized intensity for 8ng/ml DOX. 704 
(C) Growth curve analysis of BC-3/Tet-ON-MPH after treatment with Dox at the indicated 705 
concentrations. Toxicity reached significance with 5ng/ml on day 2 and 2 ng/ml on days 4 and 6. 706 
Differences between 2, 5, and 8 ng/ml Dox-treated cells were significant on days 4 and 6. 707 
(D) Western Blot analyses of CRBN and α-tubulin expression in representative lysates taken on 708 
day 2 after induction of BC3/dCas9-VP64/Tet-ON-MPH or -hrGFP2 that were additionally 709 
transduced with sgAAVS1 or sgCRBN a1. 710 
(E) Quantification of results shown in 4D over 4 independent repeats. **** denotes p<0.0001, 711 
*** p<0.001, ** p<0.01, * p<0.05, and ns “not significant”, unpaired t-tests, error bars represent 712 
SEM. 713 
 714 
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