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Abstract: Among Histone post-translational modifications (PTMs), lysine acetylation plays a pivotal
role in the epigenetic regulation of gene expression, mediated by chromatin modifying enzymes.
Due to their activity in physiology and pathology, several chemical compounds have been devel-
oped to inhibit the function of these proteins. However, the pleiotropy of these classes of proteins
represents a weakness of epigenetic drugs. Ideally, a new generation of epigenetic drugs should
target with molecular precision individual acetylated lysines on the target protein. We exploit a
PTM-directed interference, based on an intrabody (scFv-58F) that selectively binds acetylated lysine
9 of histone H3 (H3K%ac), to test the hypothesis that targeting H3K%ac yields more specific effects
than inhibiting the corresponding HAT enzyme that installs that PTM. In yeast scFv-58F modulates
gene expression in a more specific way, compared to two well-established HAT inhibitors. This
PTM-specific interference modulated expression of genes involved in ribosome biogenesis and
function. In mammalian cells, the scFv-58F induces exclusive changes in the H3K9ac-dependent
expression of specific genes. These results suggest the H3K9ac-specific intrabody as the founder of
anew class of molecules to directly target histone PTMs, inverting the paradigm from inhibiting the
writer enzyme to acting on the PTM .

Keywords: : Intracellular antibodies; post-translational modifications (PTMs); epigenetic words,
histone acetyltransferases HATs; HAT inhibitors (HATi)

1. Introduction

Among the diverse histone post-translational modifications (PTMs), histone acetyla-
tion of lysine residues plays a pivotal role in the epigenetic regulation of gene expression
[1-3]. Histone acetylation is controlled by two main enzymatic classes, the HATs and the
HDAC s [4] and promotes transcription also by providing binding sites for bromodomain-
containing proteins [5]. The functional study and validation of individual PTM targets
presents formidable challenges, and can only be indirect. Indeed, PTMs cannot be selec-
tively inhibited by nucleic-acid-based interference approaches (such as, for instance, RNA
interference), because they interfere with all variants of a protein simultaneously. A num-
ber of small molecules targeting Histone Deacetylases (HDACs), Histone Acetyl-Trans-
ferases (HATSs) [6-10], as well as Bromodomains [11], are available, some of which are
undergoing clinical trials for oncologic and neurological pathologies [12,13]. However,

Int. J. Mol. Sci. 2021, 22, x. https://doi.org/10.3390/xxxxx

www.mdpi.com/journal/ijms

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

31
32
33

34

35
36
37
38
39
40
41
42
43
44
45



Int. |. Mol. Sci. 2021, 22, x FOR PEER REVIEW 2 of 21

these chemical inhibitors show generally poor target selectivity and unpredictable plei-
otropic effects [14].

At present it is not straightforward to select specific small molecules inhibiting only
a defined subset of histone modifying enzymes. Moreover, each such enzyme modifies
multiple residues on different proteins. For this reason, HDAC, HAT or BET inhibitors
are intrinsically pleiotropic. Besides histones, a variety of non-histone substrates have
been shown to be acetylated by HATs, thus the HATs are now generally categorized as
lysine acetyltransferases [15].

In order to study the effects of a single epigenetic PTM on cell function [16,17] and to
obtain a more focused therapeutic outcome, it would be important to interfere precisely
with single acetylated residue. Thus, developing compounds that can selectively target
PTMs, as opposed to inhibiting the modifying enzymes, represents a ‘holy grail” of drug
development in different fields, including epigenetic therapeutics, cancer, and neuro-
degenerative diseases.

To this aim, in this paper, we exploited intracellularly expressed antibody domains
(intrabodies) [18-21] and the recently developed P.1.S.A (Post-translational Intracellular Si-
lencing Antibody) technology [22] for the in vivo selection of intrabodies that specifically
bind PTM-epitopes on the protein target. The strategy of directly targeting single epige-
netic marks with PTM-specific intrabodies is predicted to achieve a superior specificity
and selectivity with respect to the current approaches that target instead the epigenetic
modifying enzymes responsible for installing the PTM [23]. However, a direct comparison
between the two strategies is lacking.

Here we tested this prediction by exploiting a specific anti-H3K9ac single-chain var-
iable fragment (scFv) intrabody (scFv-58F), previously shown to induce a functional in-
cell interference of the acetylated H3, by selectively binding to acetylated histones H3 [22].
We demonstrated that targeting directly site-specific acetylated histone H3 with scFv-
58F affects gene expression in a more specific and subtle way, compared to two well char-
acterized HAT inhibitors (HATis). This H3K9ac-specific protein interference allowed
identifying a group of genes involved in ribosome biogenesis and function as a target for
the specific transcriptional regulation by H3K9 acetylation.

2. Results

2.1. The transcriptional effects of the anti-H3K9ac scFv-58F intrabody in comparison to those
induced by HAT inhibitors.

We compared the global gene expression changes driven by the histone PTM-selec-
tive interference with those induced by the inhibition of the corresponding modifying en-
zymes. We chose site-specific histone H3 acetylation as a target for this comparison, and
we investigated the transcriptomic response in yeast cells, either expressing the intrabody
anti-H3K9ac scFv-58F [22] or treated with HATSs inhibitors [13]. The anti-H3K9ac scFv-
58F is a recombinant antibody domain selected via P.I.S.A technology to bind acetylated
lysine 9 on yeast and mammalian histone H3. When expressed in cells, the anti-H3K9%ac
scFv-58F specifically binds acetylated K9 on histone H3 [22]. For this comparative study,
we used two chemical HAT inhibitors (HATi): CPTH2, a synthetic inhibitor of the Gen5
HAT [24], responsible for H3K9 acetylation [25], and Curcumin, a natural compound, un-
dergoing clinical trials [26], reported to inhibit p300/CBP HAT activity, but for which also
non-HAT targeted activities are reported [27].

Three yeast strains were used: the pL200-58F-HA strain, stably expressing the scFv-
58F-HA, the pL200-645-HA strain expressing an unrelated intrabody scFv-645-HA (an
anti neuroligin-2 intrabody) and a pL220-HA strain, carrying the empty vector pL220.

Inhibition of histone H3 acetylation was obtained by treating the control yeast strain
pL220-HA with either Curcumin (200 uM) or CPTH2 (400 uM) in SD-L media for 1 hour
(see Figure S1). The baseline control was represented by pL220-HA cells treated with
the same concentration of DMSO (0.4%) used to dissolve the drugs.
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Total RNA was extracted from pL220-HA grown either in presence of Curcumin or 98
CPTH2, aswellasfrom pL200-HA, pL200-58F-HA or pL220-645-HA (the two intrabody- 99
expressing strains), and RNA samples underwent RNA-sequencing (RNA-seq) analysis. 100
Differential gene expression (DEG) analysis was performed, comparing either the two 101
HATi-treated or the two intrabody-expressing conditions against the DMSO-treated base- 102
line control condition (see Dataset S1). 103

Hierarchical Clustering and Principal Component Analysis (PCA) of the RNA-seq 104
data showed that the Curcumin and CPTH2 treated samples account for most of the var- 105
iation (Figure 1A and Figure S2A), with the two intrabody-expressing conditions be- 106
ing closest to the DMSO-treated control samples (Figure 1A-1B and Figure S2A). Despite 107
being close to DMSO-treated controls, the scFv-58F and scFv-645 samples formed two 108
clearly separate clusters, indicating a different impact on global gene expression induced 109
by the expression of the two intrabodies (Figure 1A and Figure S2D). 110

In line with the expected pleiotropy of the HATi drugs, both Curcumin and CPTH2 111
treatments broadly affected gene expression in S. cerevisiae to a much greater extent, in- 112
ducing deregulation of 3703 and 1963 genes (padj<0.05 and fold-change cutoff=1.5), re- 113
spectively (Figure 1C and Figure S2B). On the other hand, the scFv-58F intrabody induced 114
less dramatic transcriptomic changes (378 DEGs with padj<0.05 and fold-change cut- 115
off=1.5. Figure 1D). Despite the lower number of DEGs in the intrabody expressing 116
strains (Figure 1D for scFv-58F and Figure S2C for the negative control non PTM-tar- 117
geting intrabody scFv-645), expression of scFv-58F still led to deregulation of a discrete 118
set of genes. Notably, 73% (i.e., 276 out of 378) of the genes affected by scFv-58F expression 119
were downregulated. This is in line with the selective interference of the intrabody with 120
the H3K9ac modification, which usually marks active promoters. The set of DEGs in the 121
scFv-58F-expressing cells provide, therefore, a transcriptional fingerprint of the effects of 122
specifically blocking the H3K9ac epigenetic mark in yeast cells. 123
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Figure 1. Expression of scFV-58F intrabody induces fewer transcriptional changes than treatment
with HAT inhibitors. (A) Hierarchical clustering of RNAseq data from three biological replicates
for each analyzed condition in yeast cells (CUR= curcumin-treated cells, CPTH2= CPTH2-treated
cells, DMSO= DMSO-treated cells, 58F= cells expressing scFv-58F, 645= cells expressing scFv-645)
(B) Principal Component Analysis (PCA) of the RNAseq data from three experimental conditions
58F, CPTH2 and DMSO (negative control). For clarity, Curcumin-treated samples (which account
for most of the variation) and the scFv-645 samples were omitted in this PCA plot and are reported
in Suppl. Fig S2A. Among the remaining nine samples, the principal component of variation is ac-
counted for by CPTH2 samples (75% of variance explained by first principal component, i.e. PC1).
(C-D) MA plot (i.e., log2 fold-changes on y-axis versus log average expression signal on x-axis) of
the significantly differentially expressed genes (FDR=0.05), for CPTH2-treated cells vs the DMSO-
treated control cells (C) and for scFv-58F expressing cells vs the DMSO-treated control cells
(D). The number of significantly up-/down-regulated genes (padj<0.05 & FC cutoff=1.5) is reported
for both comparisons.

2.2. A large fraction (~70%) of the genes specifically modulated by the scFv-58F intrabody are
also modulated by CPTH2 treatment.

To further investigate the impact of the two HATi on gene expression, we se-
lected genes that are both significantly differentially modulated in the presence of
CPTH2 treatment (padj<0,05 and fold-change cutoff=2) and not affected in the presence
of the non-PTM targeting intrabody scFv-645 (in order to account for non-specific gene
expression changes due to the expression of an intracellular antibody in yeast cells). This
set of differentially expressed genes was ordered by increasing log2(fold-change) in the
heat-map shown in Figure 2a. This analysis revealed that the global gene expression
pattern induced by CPTH2 and Curcumin shows an overall similarity (Figure 2A,
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Dataset S2). As displayed in the heatmap, this set of genes (n=435) was only modestly = 149
affected in the scFv-58F condition. 150

Next, we defined a subset of genes specifically modulated by scFv-58F, by selecting 151
those genes that are significantly differentially expressed in the presence of the H3K9ac- 152
targeting intrabody (padj<0.05 and fold-change cutoff=1.5), and subtracting those that are 153
modulated by the non-specific control intrabody scFv-645. This leads to a list of 89 genes 154
whose expression is specifically modulated by the scFv-58F intrabody. Notably, the over- 155
all expression pattern of the 89 genes defined in this way, was strikingly similar between 156
the scFv-58F and CPTH2 conditions (Figure 2B). In particular, a large fraction (i.e., 62/89, 157
~70%) of the genes specifically modulated by scFv-58F was also modulated and differen- 158
tially expressed after CPTH2 treatment (Figure 2C). 159

Furthermore, for this set of genes the expression pattern observed after Curcumin 160
treatment appears to be reversed, if compared to scFv-58F and CPTH2 treatments (Figure 161
2B). This is most likely due to the fact that not all actions of Curcumin on gene expression 162
are ascribable to HAT inhibition, but also to some other known opposite effects on HDACs 163
[28] and on other non histone targets [29]. The expression of scFv-58F alters a subset of 164
genes that constitute only one branch of the targets of the CPTH2 HATi drug, de facto 165
pruning all the other undesired (i.e.,, non H3K9ac-dependent) transcriptional side-ef- 166
fects. Moreover, despite CPTH2 and Curcumin having a very similar overall effect on the 167
cell, based on global transcriptional patterns, they differ in this particular subset modu- 168
lated by the intrabody scFv-58F, namely the genes regulated by H3K9 acetylation, in 169
which they demonstrated an opposite effect. This fact corroborates the idea that the effect 170
of these HATi drug types is pleiotropic and modular and that we can directly affect a 171
single branch of their targets with intracellular antibodies interfering with one specific 172
PTM target . 173

From these results we conclude that the transcriptional effect obtained by a direct 174
interference with H3K9ac, using an H3K9ac-selective intrabody, is much more defined 175
and restricted, when compared to that obtained with HATi treatment, which results in- 176
stead in a much broader transcriptional outcome. 177

A subset of the genes most strongly modulated by scFv-58F was selected for vali- 178
dation by qPCR (see Figure 2B): we selected the two top upregulated (i.e., URA7, 179
MAK16) and the two top downregulated genes (i.e.,, SPG1 and SNZ1) by scFv-58F ex- 180
pression (Figure 2D). Notably, qPCR data (solid columns) replicated the results ob- 181
tained by NGS (striped columns) with a high grade of statistical significance (Figure 2D). 182
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after CPTH2 treatment. mRNAs are sorted by log2FC in CPTH2 vs DMSO: expression patterns in
the presence of CPTH2 and Curcumin show overall strong similarity. Statistical constraints: FC cut-
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off=2; Padj(CPTH2 vs DMS0)<0.05; Padj(scFv-645 vs DMS0)>0.05. (B) Heatmap of mRNAs (n=89) 188
that are significantly modulated by scFv-58F. The genes modulated by the control intrabody scFv- 189
645 were subtracted (see statistical constraints below). mRNAs are sorted by log2FC in scFv-58F vs 190
DMSO: expression patterns in the presence of scFv-58F and CPTH2 treatment are similar, while the 191
expression pattern is opposite with Curcumin treatment. Swiss-Prot Entry names were provided in 192
the heatmap where primary gene names were not available. Statistical constraints: FC cut-off=1.5; 193
Padj(scFv-58F vs DMSO) <0.05; Padj(scFv-58F vs scFv-645)<0.05; Padj(scFv-645 vs DMSO)>0.05. (C). 194
Venn diagram showing the overlap between DEGs in scFv-58F and CPTH2 treatments vs DMSO 195
(FC cutoff=1.5). (D) Validation through RT-qPCR of selected candidate mRNAs identified from 196
RNAseq data. Log2FC +/- SD values of real-time PCR (solid colour) and RNAseq data (striped) for =~ 197
the four chosen differentially expressed genes in the presence of scFv-58F. Values for each treatment 198
are representative of n=3 biological replicates. For real-time PCR data: ACt = Ct GENE - Ct TUB1. 199
log2(FC) = -AACt normalized on tubulin (TUB1) and DMSO control samples. SD = 2 varACt 200
DMSO+(varACt TREATMENT), where “TREATMENT” represents each of the four different exper- 201
imental conditions (CUR; CPTH2; scFv-58F; scFv-645) . Student t-test (TREATMENT vs DMSO, two 202
tails) was performed on ACt values. Calculated P values were adjusted with the Benjamini- 203

Hochberg procedure; the same statistical correction was applied for RNAseq data. 204
2.3. Gene ontology enrichment analysis links H3K9ac-specific interference to transcriptional 205
regulation of ribosome-related genes. 206

As far as the mechanism and the consequences of the H3K9ac-specific interferenceis 207
concerned, inspection of the intrabody-specific differentially expressed genes by scFv-58F 208
(removing the effect of the presence of a generic intrabody in the cell) shows that 65% of 209
DEGs (n=58) are downregulated (Figure 2B). This is in line with the selective interference 210
by the intrabody with the acetylated H3K9, a PTM known to mark transcriptionally active 211
promoters and hence generally associated with transcriptional activation [30]. Therefore, 212
binding of the intrabody to H3K9ac may competitively hinder the access of other tran- 213
scriptional regulators to this docking site on chromatin, thereby affecting transcription. 214
Gene ontology enrichment analysis of the scFv-58F DEGs showed a prominent modula- 215
tion of genes involved in ribosome biology (e.g., nucleolus, ribosome biogenesis, rRNA 216
processing, Figure 3A), with the vast majority of those genes being downregulated by 217
scFv-58F (Figure 3B). This indicates that the H3K9 acetylation might be specifically con- 218
nected with the collective transcriptional regulation of genes involved in ribosome bio- 219
genesis and function. Notably, a similar link between H3K9 post-translational modifica- 220
tions and ribosome function in yeast was previously reported in histone mutagenesis 221
studies [31] or via RNA-seq and ChIP-seq analysis [32,33]. 222
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Figure 3. Gene ontology enrichment analysis (A) Gene ontology enrichment analysis of the genes
significantly modulated by scFv-58F expression. Dotplots depict the main significant terms for the
categories “Biological Process” (left) and “Cellular Component” (right). (B) Cnetplot displaying
genes involved in the gene-ontology significant terms, with log2Fold-change expression with re-
spect to the control DMSO.

2.4. Gene expression in mammalian cells expressing scFv-58F.

The experiments in yeast cells provided a clear-cut demonstration that directly tar-
geting single epigenetic marks with PTM-specific intrabodies achieves a superior speci-
ficity and selectivity with respect to targeting the modifying enzymes responsible for in-
stalling the PTM. Having investigated the transcriptional consequences of H3K9ac-spe-
cific interference in yeast cells, we aimed to explore if this PTM-specific intrabody ap-
proach is also effective in mammalian cells.

Stably-transfected HeLa cells expressing HA-tagged scFv-58F were analyzed. Nu-
cleosome-enriched protein extracts were prepared from HeLa cells expressing the scFv-
58F intrabody targeted to the nucleus via anuclear localization sequence (scFv-58F-NLS)
or retained in the cytoplasm (devoid of the nuclear localization sequence (scFv-58F-
Cyto)), and from untransfected HeLa cells (WT). The scFv-58F-Cyto format of the
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intrabody serves as a control for the subcellular specificity of the interaction of scFv-58F- 241
NLS with K9 acetylated H3 in nucleosome-enriched protein extracts. 242

To detect a physical association between scFv-58F and acetylated H3 histone, im- 243
munoprecipitation (IP) of acetylated H3 and of “total H3” (using an antibody whose bind- 244
ing to H3 is unaffected by the presence or not of the acetylation) was performed. Notably, 245
both acetylated and total histone H3 IPs pulled down scFv-58F-NLS, as shown in the sub- 246
sequent anti-HA blot (detecting the HA-tagged scFv-58F) (Figure 4A-B). The intensity 247
of the scFv-58F bands on the western blot, after IP of acetylated H3 is equal to that of the 248
band after IP of “total H3” showing that the scFv58F specifically interacts with the acet- 249
ylated pool of H3. On the other hand, IP of acetylated and of total histone H3 from nucle- 250
osome-enriched protein extracts, did not pull down scFv-58F-cyto. Altogether, this 251
demonstrates that the scFv-58F intrabody is able to interact with the acetylated H3 in the 252
nucleus of mammalian cells, and the intrabody localized in the cytoplasm fails to bind 253
acetylated H3 in nucleosome-enriched protein extracts . 254

Having established that scFv-58F binds acetylated histone H3 in the nucleus of 255
mammalian cells, we sought to investigate the functional relevance of this interaction, by 256
exploring the gene expression of candidate genes in stably-transfected HeLa cells express- 257
ing the scFv-58F-NLS or the control intrabody scFv-645-NLS. At first, we measured the 258
expression of transcripts which are human homologues of those most significantly regu- 259
lated in yeast cells expressing scFv-58F, as indicated by our transcriptome analysis (Figure 260
1A). However, no significant expression changes in the investigated genes were found 261
(Figure S3A), which might be explained by differences in both the genomic localization 262
and function of H3K9ac between mammalian and yeast cells. Then, we analyzed anumber 263
of genes whose expression had been shown to be regulated by HATi treatment, or by 264
knock-down of the GCN5/PCAF complex, in HeLa cells, in previous reports [30,31,34]. 265
Those studies globally modulated histone acetylation with strong alterations in the ex- 266
pression of a subset of genes. Among these, qJPCR analysis revealed that SMAD3 (SMAD 267
Family Member 3), SP2 (Sp2 Transcription Factor) and MKNK2 (MAPK Interacting Ser- 268
ine/Threonine Kinase 2) were significantly down-regulated in the presence of scFv-58F- 269
NLS, with respect to WT cells (Figure 4C). Those genes are involved in regulation of 270
transcription (SP2 and SMAD3), in the transmission of signals from the cell surface to the 271
nucleus (SMAD3), or in the mitogen-activated protein kinase signaling pathway being 272
important for translation, cell proliferation and oncogenic transformation (MKNK2). On 273
the other hand, other transcripts impacted by HATi treatment were, instead, not altered 274
by expressing scFv-58F-NLS (Figure S3B). This finding reinforces the concept that also 275
in human cells the intrabody scFv-58F-NLS allows a more specific transcriptional modu- 276
lation than the HAT inhibitors or interfering with GCN5/PCAF through precisely target- 277
ing H3K9ac. 278

Altogether, our results indicate that the intrabody scFv-58F-NLS can be successfully 279
expressed in mammalian systems in vitro and that upon expression in the nucleus it in- 280
duces specific transcriptional regulation of target genes. 281
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Figure 4. ScFv-58F expression in the mammalian system. A) Stably transfected HeLa cells express-
ing HA tagged scFv-58F-NLS (HeLa NLS 58F), HA tagged scFv-58F-Cyto (HeLa Cyto 58F) and WT
HeLa cells not transfected (as control, HeLa ctrl) were used in the experiment. Lysates enriched in
nucleosomes were prepared and subjected to immunoprecipitation (IP) with anti total Histone H3
antibody (Anti-H3 Tot). Immunoprecipitated proteins were detected by western blot (WB) using
the anti-HA antibody (right blot) or anti-H3 Tot antibody (middle blot). On the right the input non
immunoprecipitated extract was blotted with the anti-HA antibody. B) The same stably transfected
HeLa cells and WT HeLa cells were used for this IP experiment. The nucleosome enriched lysates
were immunoprecipitated with an antibody against the pan acetylated Histone H3 (anti-Pan
AcKH3). Immunoprecipitated proteins were detected by western blot (WB) using the anti-HA anti-
body (right blot) or the anti-Pan AcKH3 antibody (middle blot). On the right the input extract not
immunoprecipitated were blotted with the anti-HA antibody. HeLa mix: a mix of nuclesome extract
prepared from HeLa transfected with scFv-58F-NLS (HeLa NLS 58F), HeLa transfected with scFv-
58F-Cyto (HeLa Cyto 58F) and not transfected WT HeLa cells (HeLa ctrl) immunoprecipitated with
a specific-antibody isotype matched control immunoglobulin (IgG). C) RNA was prepared from WT
HeLa cells (WT), transfected HeLa cells stably expressing scFv-58F-NLS (58F-NLS), and transfected
HelLa cells stably expressing scFv-645-NLS (645-NLS). qPCR analysis of SMAD3, SP2 and MKNK2
genes was performed. Data is represented as relative RNA levels of SMAD3, SP2 or MKNK2
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normalized to beta actin (ACTB gene). (n=6 per groups, one-way ANOVA, post-hoc Tukey’s multi- 301
ple comparison test: WT vs 58F-NLS p<0.05%, p<0.01**. All other comparisons are not significant). 302
Error bars represent SEM, dots over the histogram represent individual biological replicates. 303

3. Discussion 304

Post-translationally modified proteins represent a huge and untapped source of bio- 305
logically important and disease-relevant targets, but their systematic biological elucida- 306
tion and validation for therapeutic purposes is hampered by the lack of specific tools and 307
experimental strategies. In particular, histone post-translational modifications (PTMs) 308
play a pivotal role in the epigenetic regulation of gene expression [1,2], mediated by pro- 309
teins known as “writers”, “readers” and “erasers” [4]. Due to their relevant activity in 310
physiology and pathology, several chemical compounds have been developed to inhibit 311
the function of these proteins, also in a therapeutic perspective [6—8]. However, the plei- 312
otropy and multispecificity of these classes of proteins represent an intrinsic weakness of 313
current epigenetic drugs [14]. 314

Ideally, rather than inhibiting the writer enzymes (e.g a HAT), that act on several 315
different targets, one would need to target a single PTM site on a given protein per se (that 316
we called “epigenetic word”) [23][35]. We have recently shown the feasibility of an ex- 317
perimental strategy of directly targeting single epigenetic marks with PTM-specific intra- 318
bodies [22]. In Chirichella et al. [22] we selected an anti-H3K9ac single-chain variable frag- 319
ment (scFv-58F) intrabody using the PISA technology. Importantly, we showed that this 320
intrabody specifically and directly binds the H3K9ac epitope exerting significant func- 321
tional consequences on transcription and we provided evidence of such interference in 322
living yeast cells. This is predicted to achieve a superior specificity and selectivity with 323
respect to the currently used inhibitors, but a direct comparison between the two strate- 324
gies is lacking. Here we tested this prediction by exploiting a specific anti-H3K%ac single- ~ 325
chain variable fragment (scFv) intrabody, called scFv-58F, recently selected by PISA tech- 326
nology and shown to induce a functional in-cell interference of the acetylated H3, by se- 327
lectively binding to acetylated histone H3 in cells [22]. 328

We provide here the first comparative evidence that the direct interference with a 329
single acetylated residue, obtained by a PTM-specific intrabody, results in a remarkably 330
more restricted and specific effect on gene modulation, compared to that achieved by a 331
broader interference using current HAT-targeting small molecule inhibitors. 332

The general implication of this result, from a methodological point of view, is that 333
the systematic selection of anti-PTM intrabodies, and their use for a PTM-specific interfer- 334
ence in living cells, will provide a new level of precision and specificity in the description 335
of epigenetic, offering new tools for research and paving the way to new therapeutic op- 336
portunities. 337

As for the specific PTM analyzed here, namely the acetylated lysine 9 of H3, the 338
greater specificity of the H3K9ac-specific interfering intrabody over standard HATi drugs, 339
allowed to demonstrate the transcriptional regulation of genes involved in ribosome bio- 340
genesis and function, as a likely downstream target of H3K9 acetylation in Saccharomyces 341
cerevisige. Links between H3K9 acetylation and the modulation of genes involved in ribo- 342
some function and biogenesis in yeast have been previously reported, on the basis of sys- 343
tematic mutagenesis of the acetylated lysines [31] or via ChIP and ChIP-seq analyses 344
[32,33,36]. The latter studies established that induction of histone acetylation (and notably 345
of H3K9 acetylation) occurs at several “growth-related genes”, upon stimulation of yeast 346
cells into growth phase. The genome-wide locations of H3K9 acetylation, assessed by 347
ChIP-seq analysis, showed that H3K9 acetylation was present almost exclusively at the 348
promoter of “growth-related genes” (e.g., genes involved in ribosome function and bio- 349
genesis, translation and amino acid metabolism) to enable their transcription [32,36]. Ac- 350
cordingly, we compared the genes modulated by scFv-58F expression with the genes 351
identified by H3K9ac ChiP-Seq after yeast growth induction [36]. We found that 50 out of 352
89 genes specifically modulated by scFv-58F (Fig.2B) were previously identified as 353
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"growth-related" genes, characterized in previous work [36] by elevated H3K9ac ChIP- 354
seq signal on their promoters. Moreover, 49 out of the 50 "growth-related" genes modu- 355
lated by scFv-58F were downregulated, reinforcing the hypothesis that the H3K9ac-bind- 356
ing intrabody acts by inhibiting transcription of a specific subset of genes in yeast (i.e,, 357
84%, 49/58, genes downregulated by scFv-58F, identified as “growth-promoting”). 358

These data from the literature provide an independent validation of the PTM-selec- 359
tive interference method demonstrated in this paper, and show that the superior precision 360
of this method can generate new valuable data and hypotheses for future investigations. 361
As expected, HATs inhibition by the two drugs affected the expression level of a multi- 362
tude of genes, with Curcumin displaying a larger effect, in line with the literature. The 363
HAT inhibitory activity of Curcumin is principally exerted on p300/CBP, even though it 364
has pleiotropic [29], often contrasting effects. Indeed, Curcumin has also been reported to 365
inhibit HDAC enzymes, even more potently than other HDAC inhibitors like valproic 366
acid and sodium butyrate [37]. Moreover, Curcumin activities both in DNA methyltrans- 367
ferases inhibition [38] and in regulation of miRNA expression [39,40] have been reported. 368
Such broad biological activities underlie the massive transcriptional dysregulation ob- 369
served after Curcumin treatment. 370

On the other hand, CPTH2 is a synthetic small-molecule with a more specific inhibi- 371
tory activity on Gen5 [24]. This lysine acetyltransferase enzyme is known to acetylate 372
histone H3 lysine 9 [25,41], in addition to other non-histone targets such as the tumor 373
suppressor p63, the c-myc oncoprotein, the NF-kB transcription factor [42] and the meta- 374
bolic co-activator PGC-1alfa [43]. Accordingly, the NGS data analysis shows that CPTH2 375
yields a more limited effect on gene expression compared to Curcumin. On the other 376
hand, CPTH2 displays a significantly broader effect on gene expression than that ob- 377
served in the yeast cells expressing the scFv-58F intrabody. It is remarkable that the genes 378
specifically modulated by scFv-58F expression, in great part (~70%) overlap with those 379
modulated by CPTH2 treatment, despite representing a minor fraction of the latter (4,2%) 380
(Figure 2C). Interestingly, inspection of the scFv-58F DEGs not overlapping with CPTH2 381
DEGs (27 genes) showed they encoded for proteins involved in processes such as 382
rRNA/ncRNA processing and metabolism. 383

To add on our work in yeast cells, we performed first steps to evaluate whether the 384
scFv-58F could similarly interfere with transcriptional regulation in mammalian cells. As 385
a first approach, we tested the expression of human homologues of the genes more 386
strongly downregulated in yeast cells expressing scFv-58F. However, we did not observe 387
significant expression changes for those gene candidates, likely due to differences in both 388
the genomic localization and function of H3K9ac between mammalian and yeast cells. 389
With the aim to identifying a set of genes potentially susceptible to promoter-localized 390
H3K9ac levels, we therefore analyzed the expression of a set of candidate genes whose 391
expression in HeLa cells was previously shown to be regulated either by HATi treatment 392
(i.e., Garcinol) [34], or by knock-down of the GCN5/PCAF complex [30]. Among these, a 393
number of candidates were found to be indeed regulated by scFv-58F in HeLa cells. As 394
might be expected, scFv-58F expression in HeLa cells resulted in down regulation of se- 395
lected genes coding for proteins involved in transcriptional regulation and signalling (i.e., 39
SP2; SMAD3) and in cell proliferation (MKNK?2). The results provide the foundation fora 397
more thorough genome-wide analysis of the effects of scFv-58F on gene expression in 398
mammalian cells, that is however out of the scope of the present study and should be the 399
object of further investigation. Nevertheless, these results indicate the ability of scFv-58F 400
to modulate gene expression in non-yeast cells, opening novel avenues for future studies 401
in mammalian systems. 402

Altogether, these data has support the prediction that targeting a specific PTM 403
yields more specific results than inhibiting the enzyme that installs that particular PTM, 404
reflecting the conceptual difference of the two approaches; while the enzyme inhibitors 405
determine a broad cascade of downstream effects, due to the pleiotropic activity of the 406
enzyme on different histone residues and on many non-histone substrates [15,44], the 407
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intrabody selectively acts on one particular histone post-translationally modified resi- 408
due (H3K9ac). Thus, while CPTH2 or Curcumin act on broadly acting writers, the scFv- 409
58F intrabody targets directly a single and specific word. 410

From the mechanistic point of view, we envision that the first and most likely action 411
of the H3K9ac-specific scFv-58F intrabody is to competitively block the access of H3K%ac 412
readers onto the K9 acetylated H3 protein (either chromatin-engaged or free). In this re- 413
spect, the H3K9ac scFv-58F antibody domain works like a competing “reader” protein, a 414
Chromatin Reader Antibody (CRA) devoid of the natural readers effector functions. The 415
CRAs are a new class of molecules selective for specific chromatin marks that canbe used 416
as modular building blocks to build combinatorial marks readers (eg. AND gate, OR gate) 417
or readers with novel effector functions. Besides occluding the acetylated K9 on H3 his- 418
tone, the scFv-58F antibody might prevent the release of acetyl groups from histones 419
as acetate, thereby enabling subsequent acetylation. Several studies, in fact, have sug- 420
gested the ability of acetate to influence histone acetylation in mammalian and yeast cells 421
[36]. 422

In recent years, reader inhibitors have been developed (e.g. the BET-bromodomain 423
inhibitor JQ1 [45]). However, BET-bromodomains show a considerable target promiscuity 424
[46]. Therefore any BET-bromodomain inhibitor will intrinsically have pleiotropic effects 425
and henceforth determine broad downstream effects on global gene expression. In any 426
case, a comparison of the H3K9ac scFv-58F intrabody with BET-bromodomain inhibitors, = 427
in future work, will be undoubtedly informative. In this respect, one significant advantage 428
of the intracellular antibody approach is that the specificity and selectivity of the intra- 429
body towards the target PTM-harboring protein depends only on the stringency of the 430
selection and counterselection procedures [22] and, in case of need, could be further im- 431
proved by directed evolution [47,48]. 432

From a methodological point of view, the general implication of the results presented 433
is that the systematic selection of anti-PTM intrabodies, and their use for a PTM-specific 434
interference in living cells, will provide a new level of precision and specificity in the de- 435
scription of epigenetic, offering new tools for research and paving the way to new thera- 436
peutic opportunities. 437

The potency and versatility of the anti-PTM approach relies, first of all, on the uni- 438
versal, diverse and modular nature of antibody domains. The PTM-binding antibody moi- 439
ety can be further implemented and tailored by adding suitable effector functions to the 440
H3K9ac binding moiety [23], this would allow, for instance, targeted degradation of a 441
post-translationally modified version of a protein of interest, leading to its specific deple- 442
tion from the cellular pool [49,50]. Also, one could envisage to engineer the PTM-specific 443
intrabody to recruit actuators for chromatin retargeting in living cells, similarly to an en- 444
gineered Chromatin Reader (eCR) [51], or for live imaging of the PTM pool of the protein 445
[52]. 446

The H3K9ac-selective scFv58F intrabody (and other anti histone PTM-selective intra- 447
bodies), delivered via a viral vector could be used to implement a genetically encoded 448
chromatin immunoprecipitation (intra-ChIP), coupled or not to sequencing (intra-ChIP- 449
seq). This would represent a significant advancement, allowing, for instance, to perform 450
cell-type specific ChIP or ChIP-seq from a heterogeneous tissue, such as the brain. Finally, 451
PTM-specific proteomic studies will greatly benefit from the ability to target intracellu- 452
larly the PTM-pool of a target protein, by fusing for instance the PTM-specific antibody 453
moiety to biotin ligase, for proximity biotinylation, or to TAP (tandem affinity purifica- 454
tion) tags, for Affinity Purification mass Spectrometry [53]. 455

In a therapeutic perspective, anti-PTM intrabodies could be delivered as genes or, 456
alternatively, as protein macrodrugs delivered by cell penetrating peptides or by nanocar- 457
riers [23]. PTM intrabodies could also provide templates to select or design the first gen- 458
eration of chemicals targeting PTMs specifically [54]. 459

In conclusion, in this study we have validated the PTM Antibody Chromatin Reading 460
approach, as a new strategy to address challenging questions in epigenetic research. 461
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Histone modifications are key components of chromatin packaging but whether they con- 462
stitute a 'code’ is still debated: are histone modifications causally responsible for differ- 463
ences between chromatin states? [55]. Answering this question has proven difficult be- 464
cause of the lack of suitable methods to address causality. Indeed, the functional study of 465
individual histone PTMs present formidable challenges, and in most organisms can only 466
be indirect. For instance, gene-editing approaches in mammals and other metazoans are 467
extremely demanding because canonical histones are encoded by multiple genes, making 468
it difficult to selectively interfere with specific PTMs [56]. This paper provides a proof of 469
concept of a new method to address these questions. 470

Post-translational-specific intrabodies, and in particular acetylation site-specific in- 471
trabodies, represent novel specific pharmacological candidates for a variety of research 472
and clinical applications (e.g. in cancer and neurological diseases). 473

4. Materials and Methods 474

Plasmids and constructs. The coding sequence of the scFv-58F intrabody [22] was 475
cloned in the pLinker220 (pL220) plasmid [57], with the HA tag at its C-terminal. An 476
empty pL220 vector with the HA tag was prepared as control plasmid as follows. Two 477
complementary primers with the HA sequence with the BssHII and BamHI sites at the 5 478

and 3’-terminal, respectively (Forw: 5 AGCCGAGCGCG- 479
CATTACCCTTATGATGTGCCAGATTATGCTTGAGGATCCCCGGG  3; Rev: 5 480
CCCGGGGATCCTCAAGCATAATCTGGCACATCATAAGGG- 481

TAATGCGCGCTCGGCT 3’) were in vitro annealed (95°C for 5 minutes, followed by a 482
temperature gradient from 95°C to 25°C with a 2°C decrease every minute). The annealed 483
product was BssHII and BamHI digested and cloned in pL.220 plasmid. 484

A second control plasmid was obtained by cloning the coding sequence of an unre- 485
lated intrabody (named scFv-645 anti Mus musculus Neuroligin 2, see sequence details in 486
the Supplementary material), with the HA tag fused at its C-terminal, in pL220. 487

Yeast strains. All the experiments have been performed using the S. cerevisine L40 488
yeast strain characterized by this genotype: mat-a hisA200trp1-901 leu2-3,112 ade2 489
LYS2::(lexAop)4-HIS3 URA3::(lexAop)8-lacZ Gal4 [58]. The pL220 plasmids carrying the 490
scFv58F-HA, the scFv645-HA or the HA tag only, were transformed in L40 yeast strain 491
following a previously published LiAc transformation protocol [59]. 492

Drugs. Curcumin (Sigma #78246) and CPTH2 (Sigma #C9873) were solubilized in 493
DMSO and used as HAT inhibitors. Cell viability was assessed in pL220-HA yeast strain =~ 494
by growing the cell in SD-L media with increasing concentration (0-800 uM) of the two 495
drugs for 4 or 8 hours by counting viable cells (trypan blue dye exclusion test). See sur- 496
vival curves in supplementary materials (Fig 54). 497

Yeast protein extract. Five experimental conditions have been considered: two drug- 498
treatment conditions (Curcumin or CPTH2), two intrabody-expressing conditions (scFv- 499
58F or scFv-645) and one control condition (yeast strain carrying the empty vector). For 500
each condition, three biological replicates have been considered. All the yeast cells have 501
been treated with the same concentration of 0.4% DMSO. Treatment with Curcumin (200 502
uM), CPTH2 (400 uM) or control DMSO (0.4%) was performed using the pL220-HA yeast 503
strain, incubated in SD-L medium for 1 hour in shaker (250 rpm) at 30°C. In order to 504
achieve an appropriate metabolic activation of yeasts, two subsequent overnight growths 505
in SD-L medium were performed, before starting the experiment. An aliquot from each 506
sample was taken before and after the hour of incubation, and total protein extract was 507
prepared by TCA precipitation. Briefly, 1.5 ml of cell cultures were pelleted and resus- 508
pended in 50 pl of lysis buffer (1.85 N NaOH, 7.4% B-mercaptoethanol, 1X Protease In- 509
hibitors Cocktail (Roche #11836170001)) for 10 minutes at RT. 50 pl of cold 50% Tri-Chloro 510
Acetic Acid (TCA) were added and incubated in ice for 10 minutes. Samples were centri- 511
fuged at 14000 rpm for 10 minutes at 4°C. The pellets were washed with 110 ul of cold 512
90% Acetone incubating at -20°C for 20 min. Samples were centrifuged at 14000 rpm for 513
10 min at 4°C, the pellets resuspended in 40 ul of Sol. A (0.5M Tris base, 5% SDS) briefly 514
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sonicated, and 40 pl of Sol B (75% glycerol, 1.92% DTT, 0.05% bromophenol blue) were 515
added. Samples were incubated at 95°C for 10 min, spun and 10 ul loaded on acrylamide 516
gel to perform SDS-PAGE. 517

Western blot. 518

For Western Blot analysis the following antibodies were used. Total H3 or acety- 519
lated H3 were detected using anti-Histone H3 Rabbit Polyclonal Antibody (1:1000; 520
Abcam #1791) and anti-acetyl-Histone H3 Rabbit Polyclonal Antibody (1:10000; EMD Mil- 521
lipore #06-599), the HA tag using anti-HA (Roche # 11867423001). For loading control of = 522
yeast protein samples anti-PGK Mouse monoclonal (1:10000; Abcam #22C5D8) was used. 523
As secondary antibodies, Anti-Rabbit-HRP (1:2000; Santa Cruz Biotechnologies #sc2004), 524
anti-Mouse-HRP (1:5000; Santa Cruz Biotechnologies #sc-2005), anti-Rat-HRP (1:2000; 525
Santa CruzBiotechnologies #sc-2006) were used. Chemiluminescence was acquired 526
through a Chemidoc XRS instrument. 527

RNA extraction. An aliquot of the same samples, of the five experimental conditions 528
described above, used for yeast protein extract was used for total RNA isolation. Briefly, 529
after the one hour of growth, the yeast cultures were centrifuged (5 min at 3000 rpm) and 530
the RNA extraction was performed using the Yeast Ribopure® kit (Ambion, Invitrogen 531
#AM1926), following manufacturer instructions. The integrity of RNA was assessed by 532

agarose electrophoresis. 533
The fifteen RNA samples have been delivered to the Leibniz Institute on Aging (FLI) 534
in Jena where library preparation and sequencing steps have been performed. 535

RNA sequencing. Sequencing of RNA samples was performed using Illumina’s 536
next-generation sequencing methodology [60]. In detail, total RNA was quantified using 537
Agilent 2100 Bioanalyzer Instrument (Agilent RNA 6000 Pico). Libraries were prepared 538
from 1000 ng of input material using TruSeq Stranded mRNA (manufacturer's instruc- 539
tions) and subsequently quantified and quality checked using Agilent 2100 Bioanalyzer 540
Instrument (DNA 7500 kit). Libraries were pooled and sequenced in one lane of HiSeq 541
2500 System running in 51 cycle/single-end/high output mode. Sequence information was 542
converted to FASTQ format using bcl2fastq v1.8.4. 543

RNA-seq data analysis. Data were released as FASTQ files and then processed using 544
Linux-based software tools. An initial quality check of the raw sequence data was per- 545
formed using FASTQC. Trimming was performed with the cutadapt tool. Using the 3¢ 546
version (April 2011) S. cerevisiae genome as reference genome, the mapping procedure was 547
carried out with the segemehl software. The number of mapped reads within the coding 548
regions of each gene was calculated with the bamutils software tool (NGSutils suite). 549

The raw counts statistical analysis (i.e., PCA and hierarchical clustering), the differ- 550
ential expression analysis with the DESeq2 package, as well as the subsequent statistical 551
analysis (i.e., MA plots and heatmaps), were all performed in R. Gene Ontology enrich- 552
ment analysis was performed using the ClusterProfiler package in R. 553

Real-time qPCR. After an initial treatment with DNAse (1h at 37°C), 400 ng of RNA 554
for each yeast sample have been retrotranscribed using the AMV-RT (Promega #5101) and 555
oligo-(dT)1s primers. The following TaqMan assays have been wused: TUB1 556
(#5c04175846_s1), URA7  (#5c04099112_s1), MAKI6  (#5c04097538_s1), SPG1 557
(#5c04127525_s1) and SNZ1 (#5c04154021_s1). For RNA samples from HeLa cells the fol- 558
lowing Tagman inventoried assays have been used: ACTB (#Hs99999903_m1), SMAD3 559
(#Hs00969210_m1), SP2 (#Hs00175262_m1), MKNK2 (#Hs00179671_m1), MAK16 560
(Hs00261283_m1), POLR1E (#Hs00223953_m1), CTPS2 (#Hs00219845_m1), POLR1D 561
(#¥Hs04935592_m1), GTPBP4 (#Hs01057434_m1), NAT9 (#Hs07287245_m1), CEBPZ 562
(#Hs00172900_m1), CTPS1 (#Hs01041852_m1), POLR3C (#Hs00197744_m1),TALDO1 563
(#Hs00997203_m1), CNPPD1 (#Hs01081797_m1), ERRFI1 (#Hs00219060_m1), BAZ1A 564
(#Hs01056564_m1). Real-time PCR reactions were ran in 96-well plates (Bio-Rad), using 565
the Step-OnePlus real-time PCR system (Applied Biosystem) following this protocol: 2 566
min at 50°C, 10 min at 95°C (Taqg-pol activation) followed by 40 cycles with 15 sec at 95°C 567
(denaturation) and 1 min at 60°C (annealing and extension). Quantitative values for cONA 568
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amplification were calculated from the threshold cycle number (Ct) obtained during the 569
exponential growth of the PCR products. Threshold was set automatically by the Step one 570
software. Data were analyzed by the AACt methods using Tubulin (TUB1 gene) for yeast 571
RNA samples or beta Actin (ACTB gene) to normalize the cDNA levels of the transcripts 572
under investigation. 573

HelLa stable cell lines for scFv-58F and scFv-645 Immunoprecipitation. 574

The scFv-58F was cloned in the pEF1a-IRES-ZsGreenl Vector (Clontech 631976) in- 575
serting a BssHII restriction site at the 5" prime end and an HA tag at the 3’ prime end (for 576
cytoplasmic expression (58Fcyto) or three nuclear localization signal (NLS) before the HA 577
tag at the 3" prime end for nuclear expression (58FNLS). The scFv-645 was also cloned in 578
the same vector with the three nuclear localization signal (NLS) before the HA tag at the 579
3’ prime. 580

HeLa cells were plated in 6 well plate (400000/well) and the next day were trans- 581
fected with of pEFla-scFv-58F-HA-IRES-ZsGreenl or pEFla-scFv-645-HA-IRES- 582
ZsGreenl using the Effectene Transfection Reagent (Qiagen). Briefly, 400ng of the plasmid 583
DNA were diluted in 100ul of buffer EC, 3.2ul of Enhancer were added and incubated at 584
RT for 5 minutes. Then 10ul of Effectene were added and the solution mixed by vortex for 585
10 seconds and incubated at RT for 20 minutes to allow transfection complex formation. 586
Meanwhile cells were washed once with PBS and 1.6 ml fresh growth medium 587
(DMEM+10%FBS penicillin/streptomycin 100U/ml) were added to the cells. At the end of 588
the 20minutes  600ul of fresh growth medium were added to the transfection complexes 589
and immediately added dropwise onto the cells in the 6-well plates.The next day the me- 590
dia was changed with fresh growth medium containing 1mg/ml geneticin (G418) (Euro- 591
clone # ECM0015C). 48h post transfection cells were FACS sorted for the green fluorescent 592
protein ZsGreenl. Pooled green fluorescent cells were kept in culture with the selective 593
geneticin medium for the following 4 weeks, and pooled stable transfected cells were gen- 594
erated. 595

Immunoprecipitation 596

For nucleosome extract preparations HeLa cells cultured in Petri dishes (100x15 mm) 597
were trypsinized and washed in PBS. The pellet was resuspended in RSB buffer (10mM 598
Tris-Cl pH 7.4, 10mM NaCl, 3mM MgCl2). The cells were left on ice and after 10 min RSB 599
buffer + 1% NP40 was added to the samples. Samples were centrifuge and the resulting 600
nuclei were washed twice with PBS. Nuclei were resuspended in PBS and 1% formalde- 601
hyde was added to crosslink the chromatin. The reaction was blocked by adding 125mM 602
glycine. Nuclei were centrifuge at low speed and washed with PBS and 1M NaCl. After 603
further washing with PBS, the nuclei were resuspended in MNase buffer (100mM Tris-Cl 604
pH 7.5, 50mM NaCl, 8mM MgCl2, 2mM CaCl2) and left on ice for 30 minutes. MNase 605
(Roche #10107921001) was added to the solution (final concentration 400U/ml) and incu- 606
bated at 37C for 1 hour and 30 minutes. The reaction was stopped by adding 7.5mM 607
EDTA. The samples were diluted in a 2X dilution buffer (250mM NaCl, 2mM EDTA, 0.2% 608
NP40, 0.4% SDS). The samples were left on ice for 10 minutes, sonicated for 10 cycles 2 609
sec ON + 10 sec OFF, medium power, and centrifuge at 14000 g, 10 minutes at 4C. The 610
supernatant was collected and quantified. 611

500ug of extracts were used for each immunoprecipitation (IP). Before IP, the samples 612
were precleared with 20ul of Protein G beads (Santa Cruz) and BSA. The beads for IP were 613
pre-incubated with BSA and the sample used for buffer resuspension. The IP was per- 614
formed adding to each pre-cleared sample 2 ug of specific antibody: anti-acetyl-Histone 615
H3 (Millipore # 06-599), anti-Histone H3 (Abcam #1791), and allowing them to rotate at 616
4C for 5 hours . To monitor the specificity of ChIP assays, samples were also immunopre- 617
cipitated with a specific-antibody isotype matched control immunoglobulin (IgG). Then, 618
35ul of Protein G beads were added and samples were put to rotate O/N at 4C. In the 619
morning, beads were recovered, sequentially washed in a low salt buffer, high salt buffer, 620
LiCl buffer, and RIPA. Finally the beads were resuspended in 30ul of 2X laemmli buffer, 621
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boiled for 10 minutes and the eluates were analysed through 15% SDS-PAGE, as detailed
in the western blot paragraph.

RNA extraction for qPCR from Hela Cells

HeLa cells were washed once in PBS, and collected by adding Phenol/guanidine-
based QIAzol Lysis Reagent (Qiagen #79306) to the plate. The samples were put in 2ml
tubes, chloroform was added and the samples were shacked for 15 s. The samples were
left at 20-24°C for 3 min and then centrifuged (12000g, 20 min, 4 °C). The upper phase
aqueous solution, containing RNA, was collected in a fresh tube and the RNA was pre-
cipitated by the addition of isopropanol. Samples were mixed by vortexing, left at RT for
15 min and then centrifuged (12000g, 20 min, 4 °C). Supernatant was discarded and the
RNA pellet was washed in 75% ethanol by centrifugation (7500g, 10 min, 4 °C). Superna-
tant was discarded and the pellet was left to dry for at least 15 min; then, it was resus-
pended in RNAse free water. RNA concentration was determined by Nanodrop Spectro-
photometer (Thermoscientific 2000 C). RNA quality was analyzed through a gel running
(1% agarose). Total RNA was reverse transcribed using QuantiTech Reverse Transcription
Kit (Qiagen # 205311). Gene expression was analyzed by real-time PCR (Step one, Applied
Biosystems), using Taqman inventored assays as explained in Real-time qPCR paragraph.
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