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Introduction

Of the various gene therapy approaches that have been 
explored in recent years, gene targeting has received increas-
ing attention as compared with traditional gene augmenta-
tion. The former approach is aimed at the direct correction of 
genetic mutations, stably restoring the wild-type gene func-
tion in situ and maintaining gene regulation under the native 
sequence context.1–3 Consequently, the targeted gene con-
tinues to be regulated by its endogenous machinery, main-
taining its physiological expression pattern.3 By contrast, the 
latter approach is based on the delivery of additional copies 
of the wild-type therapeutic gene, which is expressed under 
the control of strong exogenous promoters.4–6 Gene target-
ing has drawn new interest due to its concrete applicability 
to stem cells, a primary aim of gene therapy.7 In addition, 
approaches aimed at introducing site-specific modification 
by site-directed zinc-finger nucleases (ZFNs),8,9 transcription 
activator-like effector nucleases (TALENs),8,9 and clustered 
regulatory interspaced short palindromic repeats associated 
with Cas-9 (CRISPR-Cas 9)9,10 promise a new revolution in 
gene targeting. These approaches are aimed at the genera-
tion of a site-specific DNA double-strand break and conse-
quent site-specific error-prone nonhomologous end joining 
(NHEJ) or homology-directed repair. The techniques which 
are used to disrupt or to restore gene function have potential 
for therapeutic applications. However, considerable advances 

in the comprehension of their mechanisms, particularly those 
involved in the downstream response to the induced dam-
age, are needed before these approaches move from bench 
to bedside.11

Within the gene targeting possibilities, the small fragment 
homologous replacement (SFHR) is characterized by the use 
of small exogenous wild-type DNA fragments (SDFs, up to 
1 kb). SFHR involves an interaction between the wild-type 
SDF sequence, probably used as a template, and the mutated 
endogenous sequence, which ultimately is corrected through 
a still largely undefined mechanism.12–14 Generally, the cor-
rection is thought to involve homologous recombination (HR) 
and/or other DNA repair pathways that may function between 
two specific homologous DNA sequences.15 In a previous 
study performed in mouse embryonic fibroblasts (MEF) using 
an enhanced green fluorescent protein (EGFP)-based mam-
malian reporter assay system,16 we demonstrated intercon-
nections between epigenetics, DNA repair, and cell cycle 
control pathways in the response to cell invasion by exog-
enous DNA.

SFHR has already been used to modify different types of 
genomic mutations in vitro and in vivo in both human and 
mouse primary, immortalized and stem cells, as well as 
in animal models, demonstrating its potential for the treat-
ment of several disease-associated genes. These genes 
include cystic fibrosis transmembrane conductance regulator  
(CFTR, responsible for cystic fibrosis),15,17–21 dystrophin (DMD 
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(Duchenne  muscular dystrophy), responsible for muscular 
dystrophies),22–24 survival motor neuron (SMN, responsible 
for spinal muscular atrophy),25,26 hypoxanthine phosphoribo-
syltransferase 1 (HPRT1, responsible for Lesch–Nyhan syn-
drome),27 DNA-dependent protein kinase catalytic subunit 
(DNA-PKcs, responsible for severe combined immune defi-
ciency),28 and β-globin (HBB, responsible for β-thalassemia 
and sickle cell disease).29–31

The SFHR approach has both advantages and disadvan-
tages. Its primary advantages are the easy production and 
use of an SDF without the need for complex vectors, the per-
manent homologous modification of the genomic sequence 
of interest, the inheritable and physiologically expressed 
modification, and the potential to correct any genetic disease 
(also dominant negative). In addition, the size of the gene 
to be corrected does not constitute a limiting factor because 
the targeting sequence corrects only the altered DNA portion. 
The greatest drawbacks of the SFHR approach are the low 
and variable correction efficiency, ranging from 0.01 to 5%, 
as well as the general limited reproducibility and the possibil-
ity of undesirable random integration of the SDF.2,15–17,23,32–35 
However, TALENs have recently been demonstrated to 
enhance SFHR efficiency.36

Many variables seem to influence SFHR, including the 
type and differentiation status of the target cells, the degree 
of chromatin condensation and the phases of the cell cycle, 
as well as the DNA damage repair machinery and the level 
of recombination activity.16 In addition, the accessibility of the 
SDF to the target locus, the methodology of SDF delivery, the 
level of nuclear uptake, and the half-life of the SDF influence 
the result.

A serious obstacle to overcoming of main drawbacks of 
SFHR and thus its consequent improvement is the lack of 
a complete understanding of the cellular response(s) and 
molecular mechanism(s) triggered by exogenous DNA. Many 
steps involved in the correction process remain unknown.37 
Furthermore, even main pathways already known to be pos-
sibly involved, such as epigenetics, DNA repair, and cell cycle 
control, have scarcely been studied in relation to SFHR at 
both general and gene-specific levels. Nevertheless, before 
its application to clinical medicine, SFHR must become effi-
cient, safe, and reproducible.

The aim of this work was to contribute to the clarification of 
molecular mechanisms underlying the cell invasion by exog-
enous DNA and its processing and to a better understand-
ing of the mechanisms underlying the SFHR gene therapy 
approach. In particular, we focused on the primary pathways 
involved in host defense, genome integrity maintenance, 
and cell cycle control, after treatment with an exogenous 
SDF. Greater knowledge of the SFHR mechanism might 
lead experimental interventions to enhance its efficiency and 
safety for use in clinical protocols, particularly in light of new 
ZNFs, TALENs, and CRISPR-Cas 9 tools.

Results
SFHR-mediated modification efficiency and cellular 
growth
These experiments were conducted on unsynchronized 
MEF-mutEGFP (MEF with an integrated mutated EGFP 

gene) transfected with different amounts of SDF-PCR-WT 
(double-stranded PCR-amplified wild-type SDF, 5 and 20 µg).  
After transfection (or plating for untransfected controls), 
the cells were analyzed by flow cytometry to determine the 
modification efficiency and counted, by both microscope and 
flow cytometry, to assess the cellular growth and viability 
 (Figure 1). As expected, and already demonstrated by us,16 
gene modification efficiency (Figure 1a) was enhanced when 
cells were treated with a high dose (20 µg) of SDF-PCR-WT, 
reaching 0.05% modification (Student’s t-test, P < 0.001) 
compared with 0.01% obtained with the low dose (5 µg) (Stu-
dent’s t-test, P < 0.001). Transfection had a negative effect on 
growth (Figure 1b). Even the control cells transfected without 
the SDF showed growth levels that were significantly lower 
than those of the nontransfected control cells (Student’s 
t-test, P < 0.05), particularly after 72 hours from transfection. 
This effect was further accentuated when the cells underwent 
transfection with the SDF (Student’s t-test, P < 0.05). This 
effect did not appear to be dose dependent, because growth 
values were similar after administration of different amounts 
of the SDF. Overall cell viability of adherent cells resulted 
reduced, for the combined effect of plating and SDF trans-
fection, from 22% (in the untransfected control at 24 hours) 
up to 33% (in cells transfected with the high dose of SDF at 
72 hours) (Figure 1c). The quote of this effect depending on 
the combined effect of transfection and SDF seems to mainly 
depend on transfection and not to be SDF dose dependent. 
In fact, the control cells transfected without the SDF showed 
a viability reduced of 11% (at 24 hours) and 10% (at 72 
hours) in respect to untransfected control (both Student’s 
t-test, P < 0.05) but similar to cells transfected either with low 
or high SDF dose at both 24 and 72 hours (analysis of vari-
ance (ANOVA), nonsignificant (n.s.)).

Effect of SFHR on DNA repair genes
After RNA extraction, the quantitative expression of 84 genes 
involved in the response to several types of DNA damage 
was investigated in MEF-mutEGFP using quantitative real-
time PCR (qRT–PCR) arrays. These genes were classified 
as follows: 18 related to HR, 7 to NHEJ, 12 to mismatch 
repair, 19 to base excision repair, 27 to nucleotide excision 
repair, and 1 with an interconnected and regulatory role 
within several repair pathways (Supplementary Figure S1). 
The basal expression levels of DNA repair genes in untreated 
MEF-mutEGFP were heterogeneous (Supplementary 
 Figure S3), with some highly expressed and several weakly 
expressed genes, resulting in changes depending on the 
experimental time point (8, 24, or 72 hours).

Tables 1 and 2 (columns 1–24) summarize the results of 
the overall pattern of expression change by the preliminary 
statistical analysis (see Materials and Methods). The num-
ber of genes upregulated, downregulated, and unchanged at 
8, 24, and 72 hours was analyzed in the following six com-
parisons: cells transfected with 5 or 20 µg of the SDF with 
respect to the untransfected control cells, cells transfected 
with 20 µg of the SDF with respect to cells transfected with 5 
µg of the SDF, cells transfected with no SDF with respect to 
untransfected control cells, and cells transfected with 5 or 20 
µg of the SDF with respect to cells transfected with no SDF. 
Every χ2 was significant, with P <0.001. We also analyzed 
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the SDF dose effect testing the following four comparisons: 
genes upregulated with respect to the untransfected control 
cells (χ2, P < 0.005), genes upregulated with respect to cells 
transfected with no SDF (χ2, P < 0.05), genes downregulated 
with respect to the untransfected control cells (χ2, P < 0.001), 
and genes downregulated with respect to cells transfected 
with no SDF (χ2, P < 0.01). Overall, all differences in the pro-
portion of both upregulated and downregulated genes in the 
experimental conditions tested were statistically significant. 
The preliminary statistical analysis was also performed on 
the average fold change of upregulated and downregulated 
genes in the following comparisons: cells transfected with 0, 
5, or 20 µg of the SDF with respect to untransfected con-
trol and cells transfected with 5 or 20 µg of the SDF with 
respect to cells transfected with no SDF. Statistically signifi-
cant dose-dependent differences in the average fold change 
of upregulated genes were evident at both 8 and 24 hours 
(ANOVA and Bonferroni’s posttest, respectively, P < 0.05 and 
P < 0.001). Also paired data analysis was performed in the 
following conditions: cells transfected with 5 or 20 µg of the 
SDF with respect to cells transfected with no SDF and cells 

transfected with 20 µg of the SDF with respect to cells trans-
fected with 5 µg of the SDF. In this case, statistically signifi-
cant dose-dependent differences in the average fold change 
were observed for upregulated genes at 8, 24, and 72 hours 
(Student’s t-test for paired data, respectively, P < 0.05, 
P < 0.001, P < 0.001), as well as for downregulated genes at 
24 and 72 hours (Student’s t-test for paired data, respectively, 
P < 0.001 and P < 0.05). In the text below, we do not repeat 
the significance level of each comparison.

First, to evaluate the overall effect of both the SDF and 
the nucleofection protocol, we compared cells transfected 
with the SDF at low (5 µg) and high (20 µg) doses with 
untransfected controls at the corresponding experimental 
time points. At the low SDF dose (5 µg, Tables 1 and 2, 
columns 3 and 11; Supplementary Figure S4a) and at the 
early experimental time point (8 hours after nucleofection), 
56 (66.7%) DNA repair genes were upregulated, with only 2 
(2.4%) genes downregulated. At the intermediate experimen-
tal time point (24 hours after treatment), 42 (50.0%) over-
expressed genes remained, with 1 (1.2%) downregulated 
gene. Finally (72 hours after treatment), only 4 (4.8%) genes 

Figure 1 Correction efficiency and cellular growth after MEF-mutEGFP were transfected with different amounts of SDF-PCR-WT. 
(a) Correction efficiency. Student’s t-test, *P < 0.001 with respect to control. (b) Relative cellular growth. The values of relative cellular growth with 
respect to the number of cells plated in control, 72 hours after transfection, are indicated in the corresponding boxes. Student’s t-test, *P < 0.05 
for all treatments with respect to control. (c) Cell viability by flow cytometry analysis. Student’s t-test, *P < 0.05 for cells transfected with no SDF 
in respect to untransfected control; n.s. = analysis of variance for all transfected conditions (with no SDF, as well as with low or high SDF dose) 
not significant. The two experimental times tested are indicated. Untransfected CTR = cells that did not undergo transfection; No SDF = cells that 
underwent transfection without the SDF; SDF 5 µg = cells transfected with the low SDF dose; SDF 20 µg = cells transfected with the high SDF 
dose. Error bars indicate SD. CTR, control; MEF-mutEGFP, mouse embryonic fibroblasts with an integrated mutated EGFP gene; SDF, small 
DNA fragment; SDF-PCR-WT = double-stranded PCR-amplified wild-type SDF.
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were upregulated, with 50 (59.5%) genes reaching a lower 
expression level than (and 30 genes with expression similar 
to) those of the untransfected control.

At the high SDF dose (20 µg, Tables 1 and 2, columns 5 
and 13; Supplementary Figure S4b) and at the early experi-
mental time point (8 hours after nucleofection), 58 (69.0%) 
DNA repair genes were upregulated, with only 5 (6.0%) 
genes downregulated. At the intermediate experimental 
time point (24 hours after treatment), the number of overex-
pressed genes increased to 70 (83.3%), with no downregu-
lated genes. Finally (72 hours after treatment), the number of 
upregulated genes decreased to 21 (25.0%), with 35 (41.7%) 
genes reaching a lower expression level than (and 28 genes 
with expression similar to) those of the untransfected control 
cells.

After an early phase of upregulation, the DNA repair genes 
appeared to be progressively downregulated, with most of 
them reaching expression levels lower than those of the con-
trol cells (set to 1) during the late phase. The proportion of 
early upregulated genes seems to be similar at low (5 µg) 
and high (20 µg) SDF doses. However, the early phase of 
upregulation seems to be shorter after treatment with a low 
SDF dose than with a high SDF dose. In the latter condi-
tion, at 24 hours after treatment, the number of upregulated 
genes continued to grow, whereas in the former condition, 
the number of upregulated genes began to decrease. At 72 
hours, the number of upregulated genes remained consider-
ably higher at the high SDF dose than at the low SDF dose. 
In addition, a higher number of downregulated genes were 
observed in the latter condition. Furthermore, the treatment 

Table 1 Summary of results regarding the proportion and fold change of DNA repair genes modulated by SFHR (upregulated DNA repair genes)

DNA repair, upregulated

1 2 3 4 5 6 7 8

In respect to untransfected control: 20 versus 5 µg

No SDF 5 µg SDF 20 µg SDF

Hours N (%) Mean FC ± SD N (%) Mean FC ± SD N (%) Mean FC ± SD N (%) Mean FC ± SD

8 51 (60.7%) 1.90 ± 0.75 56 (66.7%) 1.98 ± 0.96 58 (69.0%) 2.37 ± 1.71 27 (32.1%) 1.68 ± 0.34

24 29 (34.5%) 1.36 ± 0.11 42 (50.0%) 1.55 ± 0.30 70 (83.3%) 2.23 ± 1.10 64 (76.2%) 1.75 ± 0.48

72 4 (4.8%) 1.44 ± 0.18 4 (4.8%) 1.50 ± 0.19 21 (25.0%) 1.56 ± 0.27 43 (51.2%) 1.77 ± 0.45

17 18 19 20

In respect to cells transfected without SDF:

5 µg SDF 20 µg SDF

N (%) Mean FC ± SD N (%) Mean FC ± SD

8 11 (13.1%) 1.83 ± 0.89 29 (34.5%) 1.85 ± 1.10

24 37 (44.0%) 1.39 ± 0.26 73 (86.9%) 2.00 ± 1.00

72     4 (4.8%) 1.38 ± 0.17 45 (53.6%) 1.65 ± 0.59    

The number, percentage, and average fold change of modulated genes after transfection with 0 µg of the SDF (No SDF), low SDF (5 µg), or high SDF (20 µg) 
dose as compared with untransfected control, as well as with controls transfected without SDF, at different experimental time points (8, 24, and 72 hours) are 
shown. A direct comparison of the SDF dose effect (20 versus 5 µg) is also shown. See text for statistical analysis and explanations. FC, fold change; SDF, 
small DNA fragment; SFHR, small fragment homologous replacement.

Table 2 Summary of results regarding the proportion and fold change of DNA repair genes modulated by SFHR (downregulated DNA repair genes)

DNA repair, downregulated

9 10 11 12 13 14 15 16

In respect to untransfected control: 20 versus 5 µg

No SDF 5 µg SDF 20 µg SDF

Hours N (%) Mean FC ± SD N (%) Mean FC ± SD N (%) Mean FC ± SD N (%) Mean FC ± SD

8 3 (3.6%) 0.68 ± 0.12 2 (2.4%) 0.54 ± 0.23 5 (6.0%) 0.64 ± 0.17 16 (19.0%) 0.61 ± 0.12

24 9 (10.7%) 0.76 ± 0.05 1 (1.2%) 0.75 ± 0.00 0 (0.0%) ND 2 (2.4%) 0.73 ± 0.01

72 38 (45.2%) 0.65 ± 0.10 50 (59.5%) 0.61 ± 0.13 35 (41.7%) 0.68 ± 0.12 5 (6.0%) 0.65 ± 0.11

21 22 23 24

In respect to cells transfected without SDF:

5 µg SDF 20 µg SDF

N (%) Mean FC ± SD N (%) Mean FC ± SD

8 10 (11.9%) 0.70 ± 0.01 17 (20.2%) 0.68 ± 0.12

24 7 (8.3%) 0.76 ± 0.01 1 (1.2%) 0.78 ± 0.00

72     14 (16.7%) 0.64 ± 0.05 15 (17.9%) 0.67 ± 0.10    

The number, percentage, and average fold change of modulated genes after transfection with 0 µg of the SDF (No SDF), low SDF (5 µg), or high SDF (20 µg) 
dose as compared with untransfected control, as well as with controls transfected without SDF, at different experimental time points (8, 24, and 72 hours) are 
shown. A direct comparison of the SDF dose effect (20 versus 5 µg) is also shown. See text for statistical analysis and explanations. FC, fold change; ND, not 
determined; SDF, small DNA fragment; SFHR, small fragment homologous replacement.
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with the high SDF dose appeared to produce a greater effect 
on the fold change of upregulated genes than the treatment 
with the low SDF dose, primarily at 8 and 24 hours (Table 1, 
column 6 with respect to 4). The overall dose effect that pro-
duced the prolonged and quantitatively greater change to the 
expression of DNA repair genes (primarily those upregulated 
genes) at the high dose of SDF could also be clearly seen 
by directly comparing the cells treated with 20 µg of the SDF 
with those treated with 5 µg of the SDF (in this case, the 
latter experimental condition was set to 1) (Tables 1 and 2, 
columns 7 and 15 for gene number and columns 8 and 16 for 
fold change; Supplementary Figure S4c).

To investigate a possible effect of the nucleofection pro-
tocol on the expression of DNA repair genes, we analyzed 
cells that underwent the transfection protocol without the 
SDF (treated with the same nucleofection protocol and buf-
fer with no SDF inside) (Tables 1 and 2, columns 1 and 9 for 
gene number and columns 2 and 10 for fold change; Sup-
plementary Figure S4d). The temporal expression pattern 
after nucleofection without the SDF was very similar to the 
general temporal expression pattern, with early upregulation 
followed by progressive downregulation. However, this effect 
was reduced in both the proportion of involved genes and 
their fold change, particularly for upregulated genes, com-
pared with that induced by the SDF (also at the low dose) and 
the nucleofection protocol. In addition, the genes modulated 
by the transfection protocol appear to differ, at least partially, 
from those modulated by the SDF.

To subtract the effect of the nucleofection protocol, which 
allows the specific effect of SDF to be distinguished, cells 
nucleofected with or without the SDF were compared at either 
the low (Tables 1 and 2, columns 17 and 21 for gene num-
ber and columns 18 and 22 for fold change;  Supplementary 
 Figure S4e) or high SDF dose (Tables 1 and 2, column 19 
and 23 for gene number and columns 20 and 24 for fold 
change; Supplementary Figure S4f). After subtracting the 
effect of the nucleofection protocol, the specific upregulatory 
effect of 5 µg of the SDF alone appeared to be quantitatively 
reduced (in terms of both gene number and fold change) with 
respect to the additive effects of 5 µg of the SDF and the 
nucleofection protocol (see Table 1, columns 3 and 4; Sup-
plementary Figure S4a). The temporal pattern specifically 
induced by the SDF was quite similar to that induced by the 
cumulative effect of the SDF and the nucleofection protocol 
at 24 and 72 hours. However, the large number of upregu-
lated genes at 8 hours observed after treatment with the SDF 
and nucleofection seemed to depend more on the nucleofec-
tion protocol. By contrast, the specific effect exerted by 20 µg 
of the SDF after subtracting the effect of the nucleofection 
protocol appeared to induce a quantitatively greater upregu-
lation response in terms of gene number at both 24 and 72 
hours, specifically depending on the SDF itself (compared 
with Table 1, columns 5 and 6; Supplementary Figure S4b). 
In particular, the longer persistence (up to 72 hours) of a 
greater number of upregulated genes appeared to be spe-
cifically induced by the high SDF dose. After subtracting the 
effect of the nucleofection protocol, a dose-specific effect of 
the SDF was evident at every experimental time point, partic-
ularly at 24 hours (Table 1, columns 19 and 20 as compared 
with columns 17 and 18).

After the overall analysis reported above, a more statis-
tically stringent analysis was performed (see Materials and 
Methods). Fourteen DNA repair genes had statistically signif-
icant expression differences in at least one experimental time 
point. The statistically significant increase in the expression 
of these genes was evident (at corrected P < 0.0006) only 
after nucleofection with 20 µg of the SDF (Figure 2b,c,f); 
the increase occurred for 2 genes at both 8 and 24 hours 
and for the remaining 12 genes at 24 hours. No statistically 
significant effects (at corrected P < 0.0006) were detectable 
after nucleofection with 5 µg of the SDF (Figure 2a,e) or after 
transfection with no SDF (Figure 2d). Each of these genes 
showed a quantitative expression value greater than 2. These 
results suggest a dose effect and a specific temporal expres-
sion pattern.

Effect of SFHR on cell cycle regulatory genes
Using qRT–PCR arrays, we studied the quantitative expres-
sion of 84 genes involved in cell cycle control in MEF-mutEGFP. 
These genes were classified as follows: 29 generally related 
to checkpoint and arrest, 9 specifically to G1/G1-S transition, 
10 specifically to S and replication phases, 10 to M phase, 19 
to a general positive regulation, and 7 to a general negative 
regulation of cell cycle (Supplementary Figure S2). For cell 
cycle regulatory genes, the overall results are described in 
detail below and summarized in Tables 3 and 4 (columns 
25–48). To evaluate the overall gene expression pattern, we 
performed the same six different comparisons listed above 
for DNA repair genes (see also Materials and Methods). For 
cell cycle control genes, every χ2 was significant at P <0.001. 
We also analyzed the SDF dose effect testing the additional 
four comparisons with the following results: genes upregu-
lated with respect to the untransfected control (χ2, n.s.), 
genes upregulated with respect to cells transfected with no 
SDF (χ2, P < 0.001), genes downregulated with respect to 
the untransfected control (χ2, n.s.), and downregulated with 
respect to cells transfected with no SDF (χ2, P < 0.001). For 
cell cycle control genes, the great majority of differences in 
the proportion of both upregulated and downregulated genes 
in the experimental conditions tested were also statistically 
significant. Additionally, for cell cycle control genes, the pre-
liminary statistical analysis was extended to the average fold 
change of upregulated and downregulated genes to test the 
same four above-listed comparisons. For cell cycle control 
genes, a statistically significant dose-dependent difference in 
the average fold change of upregulated genes was evident at 
24 hours (ANOVA Bonferroni’s posttest, P < 0.05). Moreover, 
for both up- and downregulated cell cycle control genes, the 
three different pairs of experimental conditions listed above 
were tested. In this case, a statistically significant dose-
dependent difference in the average fold change was evident 
at 24 hours for both upregulated genes (Student’s t-test for 
paired data, P < 0.005) and downregulated genes (Student’s 
t-test for paired data, P < 0.05). In the text below, we do not 
repeat the significance level of each comparison for these 
genes.

For cell cycle genes, the basal expression levels in 
untreated MEF-mutEGFP were heterogeneous (Supple-
mentary Figure S5), with some highly expressed and sev-
eral weakly expressed genes, as well as some genes with 
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Figure 2 Volcano plots of the studied 
DNA repair genes in MEF-mutEGFP 
at 8, 24, and 72 hours after treatment, 
according to different experimental 
conditions (from a to f). The spots 
above the horizontal line represent those 
genes with a statistically significant 
expression differences with respect to 
controls (Student’s t-test after Bonferroni’s 
correction for multiple comparisons, 
P < 0.0006). The spots on the left and right 
of the vertical lines represent genes with 
expression levels that are twofold lower or 
higher than controls, respectively. CTR, 
untransfected control; MEF-mutEGFP, 
mouse embryonic fibroblasts with an 
integrated mutated EGFP gene; SDF, small 
DNA fragment.
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variable expression depending on the experimental time 
point (8, 24, or 72 hours). Also in this case, to first evaluate 
the overall effect of both the SDF and the nucleofection pro-
tocol, we compared the cells transfected by the SDF at low 
(5 µg) and high (20 µg) doses with untransfected controls 
at the corresponding experimental time point. Applying the 
same thresholds as those for the DNA repair gene analysis 
at the low SDF dose (5 µg; Tables 3 and 4, columns 27 and 
35; Supplementary Figure S6a) and the early experimental 
time point (8 hours after nucleofection), 59 (70.2%) cell cycle 
genes were upregulated and 6 (7.1%) genes were downreg-
ulated. At the intermediate experimental time point (24 hours 
after treatment), 41 (48.8%) genes were upregulated and 8 
(9.5%) were downregulated. Finally, at 72 hours after treat-
ment, 21 (25.0%) genes were upregulated and 25 (29.8%) 
genes were downregulated, with 38 displaying expression 
levels similar to those of the untransfected control.

At the high SDF dose (20 µg; Tables 3 and 4, columns 29 
and 37; Supplementary Figure S6b) and early experimen-
tal time point (8 hours after nucleofection), 70 (83.3%) cell 
cycle genes were upregulated, with only 6 (7.1%) downreg-
ulated genes. At the intermediate experimental time points 
(24 hours after treatment), the number of overexpressed 
genes decreased to 52 (61.9%), with 6 (7.1%) downregu-
lated genes. Finally, at 72 hours after treatment, the num-
ber of upregulated genes decreased to 25 (29.8%), with 27 
(32.1%) genes reaching a lower expression level than (and 
32 genes having expression levels similar to) those of the 
untransfected control.

Also for cell cycle genes, there is an early phase of expres-
sion stimulation followed by a progressive phase of down-
regulation; in the late phase (72 hours), most of the cell cycle 
genes reached expression levels lower than those of the con-
trol (set to 1). As for the DNA repair genes, the treatment with 
the high SDF dose appeared to produce a higher proportion 
of upregulated genes and a quantitatively greater effect on 
their fold change, particularly at 24 hours, than the treatment 
with the low SDF dose (Table 3, column 30 with respect to 
28). However, in contrast to DNA repair genes, the treatment 
with either the low or high SDF dose appeared to induce a 
similar temporal pattern, with consistent upregulation still at 
24 hours, although with no further increase (at this experi-
mental time point) induced from the high SDF dose.

The overall high SDF dose effect that resulted in the quan-
titatively greater changes to the cell cycle genes could also 
be clearly observed via direct comparison between the cells 
treated with 20 µg of the SDF and those treated with 5 µg 
(experimental condition in this case set to 1) (Tables 3 and 4, 
columns 31 and 39 for gene number and 32 and 40 for fold 
change; Supplementary Figure S6c).

As for DNA repair genes, to evaluate a possible effect of the 
nucleofection protocol on cell cycle gene expression, we ana-
lyzed cells that underwent the transfection protocol without 
the SDF (Tables 3 and 4, columns 25 and 33 for gene num-
ber and columns 26 and 34 for fold change; Supplementary 
Figure S6d). The temporal expression pattern after nucleo-
fection without the SDF was similar to that observed for cells 
treated with the SDF. From the point of view of the number of 
upregulated genes and their average fold change, this experi-
mental condition treated with no SDF was very similar to that 

treated with 5 µg of the SDF, whereas quantitative differences 
in upregulation could be detected when compared with the 
experimental condition with the high SDF dose. In this case, 
the genes modulated by the transfection protocol were also 
partially different from those modulated by the SDF.

To subtract the effect of the nucleofection protocol, which 
allows the specific effect of the SDF to be distinguished, we 
directly compared cells nucleofected with or without the SDF 
(set to 1), at either the low (Tables 3 and 4, columns 41 and 
45 for gene number and columns 42 and 46 for fold change; 
Supplementary Figure S6e) or high dose (Tables 3 and 
4, column 43 and 47 for gene number and columns 44 and 
48 for fold change; Supplementary Figure S6f). After sub-
tracting the effect of the nucleofection protocol, the specific 
effect of 5 µg of the SDF alone appeared to be quantitatively 
reduced, in terms of both the proportion of upregulated genes 
and their average fold change, with respect to the additive 
effects of 5 µg of the SDF and the nucleofection protocol (as 
compared with Table 3, columns 27 and 28; Supplementary 
Figure S6a). In this case, the large number of upregulated 
genes at 8 hours, and even at 24 hours, evidenced after 
treatment with the SDF and nucleofection seemed to depend 
more on the nucleofection protocol than on a specific effect 
of the SDF itself. Furthermore, longer persistence (up to 72 
hours) of upregulated genes was demonstrated. The upregu-
lation specifically induced by the high SDF dose (20 µg) after 
subtracting the effect of the nucleofection protocol is quite 
similar to the cumulative effect of the SDF and the nucleofec-
tion protocol (see Table 3, columns 29 and 30; Supplemen-
tary Figure S6b) at 24 and 72 hours (even with a reduction in 
the average fold change at 24 hours). The longer persistence 
(up to 72 hours) of upregulated genes appeared to be specifi-
cally induced by the high SDF dose. However, the predomi-
nant effect also at high SDF dose at early experimental time 
(8 hours) seemed to be that of the nucleofection protocol (at 
least on gene number) rather than that of the SDF itself. Also 
for cell cycle genes, after subtracting the effect of the nucleo-
fection protocol, a dose-specific effect of the SDF could be 
observed at every experimental time point (Table 3, columns 
43 and 44 as compared with columns 41 and 42).

After the overall analysis, a more statistically stringent 
analysis of cell cycle gene expression was performed (see 
Materials and Methods). Fifteen cell cycle genes had statisti-
cally significant expression differences at, at least, one exper-
imental time point. The statistically significant increase in the 
expression of these genes was evident (using the corrected 
P < 0.0006 level) only after nucleofection with 20 µg of the 
SDF compared with the untransfected control  (Figure 3b); 
for two genes, the increase occurred at both 8 and 24 hours, 
for five genes only at 8 hours, and for eight genes only at 
24 hours. No statistically significant effects (at corrected 
P < 0.0006) were observed under the other experimen-
tal conditions. Each of these genes showed a quantitative 
expression value greater than 2. These results also suggest a 
dose effect and a specific temporal expression pattern.

Selection of specific gene targets affected by SFHR 
within the DNA repair and cell cycle genes
To select the best specific gene targets with expression mod-
ulation induced by SFHR within both the DNA repair and cell 
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cycle genes, we used a combination of statistical and biologi-
cal criteria. Because a gene was selected, the following four 
conditions had to be simultaneously verified:

1. statistically significant expression difference com-
pared with the control for at least one experimental 
condition (Student’s t-test after Bonferroni’s correction, 
P < 0.0006);

2. statistically significant dose effect with clear differ-
ences between the experimental conditions of cells 
transfected with 0, 5, and 20 µg of the SDF for at least 
one experimental condition (in this case, Student’s 
t-test, P < 0.05);

3. a fold change greater than 3 with respect to the control, 
for at least one experimental condition;

4. a temporal pattern reflecting the overall temporal pat-
tern of all genes taken together with early (8 hours) and/
or intermediate (24 hours) upregulation, followed by a 
progressive late (72 hours) return to baseline and/or 
downregulation.

According to these criteria, the following 18 genes were 
selected. Five genes more specific for the DNA repair pathway 
(Figure 4): Neil2, Parp3, Pms2, Rad51l3, and Trex1; seven 
genes more specific for the cell cycle pathway  (Figure 5): 
Cdkn1a, Chek1, Ddit3, Gpr132, Mdm2, Prm1, and Slfn1; 

Table 3 Summary of results regarding the proportion and fold change of cell cycle genes modulated by SFHR (upregulated cell cycle genes)

Cell cycle, upregulated

25 26 27 28 29 30 31 32

In respect to untransfected control: 20 versus 5 µg

No SDF 5 µg SDF 20 µg SDF  

Hours N (%) Mean FC ± SD N (%) Mean FC ± SD N (%) Mean FC ± SD N (%) Mean FC ± SD

8 57 (67.9%) 1.94 ± 0.67 59 (70.2%) 2.12 ± 1.10 70 (83.3%) 3.33 ± 6.86 39 (46.4%) 2.05 ± 1.31

24 39 (46.4%) 1.52 ± 0.30 41 (48.8%) 1.53 ± 0.28 52 (61.9%) 3.49 ± 4.57 57 (67.9%) 2.26 ± 1.94 

72 10 (11.9%) 1.48 ± 0.30 21 (25.0%) 1.54 ± 0.30 25 (29.8%) 1.41 ± 0.22 25 (29.8%) 1.54 ± 0.41

41 42 43 44

In respect to cells transfected without SDF:

5 µg SDF 20 µg SDF

N (%) Mean FC ± SD N (%) Mean FC ± SD

8 16 (19.0%) 1.59 ± 0.97 29 (34.5%) 3.45 ± 7.06

24 7 (8.3%) 1.51 ± 0.33 52 (61.9%) 2.66 ± 4.18

72 22 (26.2%) 1.49 ± 0.28 29 (34.5%) 1.53 ± 0.30

The number, percentage, and average fold change of modulated genes after transfection with 0 µg of the SDF (No SDF), low SDF (5 µg), or high SDF (20 µg) 
dose as compared with untransfected control, as well as with controls transfected without SDF, at different experimental time points (8, 24, and 72 hours) are 
shown. A direct comparison of the SDF dose effect (20 versus 5 µg) is also shown. See text for statistical analysis and explanations. FC, fold change; SDF, 
small DNA fragment; SFHR, small fragment homologous replacement.

Table 4 Summary of results regarding the proportion and fold change of cell cycle genes modulated by SFHR (downregulated cell cycle genes)

Cell cycle, downregulated

33 34 35 36 37 38 39 40

In respect to untransfected control: 20 versus 5 µg

No SDF 5 µg SDF 20 µg SDF

 Hours N (%) Mean FC ± SD N (%) Mean FC ± SD N (%) Mean FC ± SD N (%) Mean FC ± SD

8 6 (7.1%) 0.63 ± 0.15 6 (7.1%) 0.67 ± 0.09 6 (7.1%) 0.59 ± 0.04 10 (11.9%) 0.65 ± 0.05

24 2 (2.4%) 0.77 ± 0.03 8 (9.5%) 0.60 ± 0.12 6 (7.1%) 0.56 ± 0.13 7 (8.3%) 0.66 ± 0.09

72 30 (35.7%) 0.66 ± 0.12 25 (29.8%) 0.62 ± 0.13 27 (32.1%) 0.60 ± 0.14 16 (19.0%) 0.54 ± 0.16

45 46 47 48

In respect to cells transfected without SDF:

  5 µg SDF 20 µg SDF

  N (%) Mean FC ± SD N (%) Mean FC ± SD

8   20 (23.8%) 0.77 ± 0.05 9 (10.7%) 0.63 ± 0.08

24   20 (23.8%) 0.65 ± 0.10 13 (15.5%) 0.65 ± 0.16

72     4 (4.8%) 0.66 ± 0.01 15 (17.9%) 0.62 ± 0.13    

The number, percentage, and average fold change of modulated genes after transfection with 0 µg of the SDF (No SDF), low SDF (5 µg), or high SDF (20 µg) 
dose as compared with untransfected control, as well as with controls transfected without SDF, at different experimental time points (8, 24, and 72 hours) are 
shown. A direct comparison of the SDF dose effect (20 versus 5 µg) is also shown. See text for statistical analysis and explanations. Notably, the high values of 
SD reported in Tables 1–4 originate from the fact that the average fold change was calculated for different genes and not for different experimental replicates. 
Thus, in this case, the SD value reflects the heterogeneous response of the genes, indicating biological variability and not experimental variability. For example, 
in column 44, the treatment at 8 hours with 20 µg of the SDF referring to cells transfected without the SDF displayed an average fold change of 3.45, with an SD 
of 7.06. This value was found because within the corresponding 29 upregulated genes, some have very high and others have very low fold changes (essentially, 
the fold changes of these 29 genes ranged from 1.31 to 39.64). FC, fold change; SDF, small DNA fragment; SFHR, small fragment homologous replacement.
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Figure 3 Volcano plots of the studied 
cell cycle genes in MEF-mutEGFP at 
8, 24, and 72 hours after treatment, 
according to different experimental 
conditions (from a to f). The spots 
above the horizontal line represent 
those genes with statistically significant 
expression differences with respect to 
controls (Student’s t-test after Bonferroni’s 
correction for multiple comparisons, 
P < 0.0006). The spots on the left and 
right of the vertical lines represent genes 
with expression levels twofold lower or 
higher than controls, respectively. CTR, 
untransfected control; MEF-mutEGFP, 
mouse embryonic fibroblasts with an 
integrated mutated EGFP gene; SDF, small 
DNA fragment.
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six genes involved in both pathways (Figure 6): Atm, Brca1, 
Brca2, Ppm1d, Rad9, and Sesn2. Brief descriptions of the 
selected genes, along with links to databases where full infor-
mation may be found, are provided as a supplementary infor-
mation under the heading Brief descriptions and database 
links for the selected genes.

Discussion

Despite the evidence regarding the interconnection of SFHR 
and many cellular pathways,16 the interacting molecular 
mechanisms have not yet been fully characterized. Through-
out the cell cycle, the DNA is constantly monitored for dam-
age and replication errors by a complex regulatory network 
that controls DNA duplication and the cell cycle at multiple 
levels and that functionally cooperates with DNA repair 
pathways.38

In this work, we focused on the relationship between SFHR 
and these two main cellular pathways at the single-gene level.

The quantitative analysis of DNA repair gene expres-
sion indicated a peculiar temporal gene expression pattern 
depending on the combined effects of the nucleofection pro-
tocol and the exogenous DNA. The nucleofection protocol 
induced early (8 hours) upregulation of DNA repair genes, 
which progressively returned to basal expression levels and 
were finally (72 hours) downregulated in most cases. The 
specific effect of the SDF was quantitatively additive in a 
dose-dependent manner with respect to that of nucleofection. 
At the low SDF dose, most of the DNA repair genes remained 
upregulated at the intermediate experimental time point (24 
hours) but later (72 hours) returned to basal levels or were 
downregulated. At the high SDF dose, the effect was greater 
from both the quantitative and the persistence points of view: 
at the intermediate time point (24 hours), there was a fur-
ther increase in the number of upregulated genes, and at the 
late time point (72 hours), most of the genes still appeared 
upregulated.

At present, electroporation is one of the most efficient 
and widely used methods to transfer exogenous DNA into 
cells.39,40 Recent developments of methodologies able to 
introduce genetic material directly into the nuclei of several 
cell types have led to further improvement of DNA transfer 
methods and protocol.41–45 Although these methods are very 
efficient, common drawbacks are their invasiveness and their 
variable efficiency depending on the cell type. Our results 
demonstrated the relevant effect exerted by the technique; 
this effect is additive with respect to that specifically exerted 
by the transfected DNA on the expression of genes involved 
in DNA repair and cell cycle control. In effect, the growth of 
cells is nearly arrested by the nucleofection with a quote of 
adherent cells not viable, mainly depending on nucleofection 
and not on the dose of the SDF. In the remaining quote of 
viable cells, the gene expression is modulated by SDF in a 
dose-dependent manner. This is therefore another variable to 
be considered when using gene transfer approaches based 
on electroporation methods.

In contrast to current opinions, the DNA repair genes sig-
nificantly affected by the SFHR belong to different DNA repair 
pathways as mismatch repair, base excision repair, and HR, 

and not only to the HR pathway. The early upregulation of the 
DNA repair genes observed both as a general pattern and for 
the 14 selected genes may constitute an adaptive response 
aimed at the preservation of DNA integrity after exogenous 
DNA invasion, which may also constitute a molecular basis 
for DNA modification. However, the subsequent general 
and gene-specific late downregulation of these genes may 
be responsible for the reduced modification efficiency, pos-
sibly as a subsequent adaptive response aimed at limiting 
the undesirable effects of exogenous DNA on genomic DNA 
once the repair attempt has been performed.

In our previous work,16 no random integration of the SDF 
was detectable after SFHR. However, the possibility that 
such integration can occur below the level of detection could 
not be dismissed. In this work, the quantitative expression 
analysis of seven NHEJ genes did not show any statistically 
significant increase in their expression. This is confirmation 
that the basal activity of the error-prone NHEJ subpathway at 
least does not increase with this approach.

A dramatic effect of cell cycle arrest, which was delayed 
until the final experimental time point (72 hours), was induced 
by both the nucleofection protocol and the SDF. Accord-
ingly, the quantitative study of cell cycle gene expression 
revealed a wide effect of SFHR on cell cycle regulation. The 
involvement of cell cycle regulation genes is consistent with 
our previous results that showed a greater tendency for the 
SDF to access the target locus during G2/M phase.16 As for 
DNA repair genes, the quantitative effect on the number of 
genes involved and on their level of expression was higher 
and more prolonged when the SDF was included; this effect 
was dose dependent with respect to the effect induced by 
the nucleofection protocol alone. The effect seemed to be 
exerted on each of the three main cellular checkpoints, as 
the cell cycle genes with expression modulated by SFHR 
were functionally linked to both G1/S and G2/M transitions, 
as well as to the intra-S-phase checkpoint. The effect of cell 
cycle arrest correlates well with the fact that the vast majority 
of the upregulated genes are well-recognized negative regu-
lators of checkpoints and of the cell cycle. These results are 
in excellent agreement with those obtained for DNA repair 
genes, as cellular checkpoint activation and cell cycle arrest 
are mandatory for DNA damage repair. Furthermore, the 
enhanced expression of negative regulators of the cell cycle 
may constitute part of the molecular basis for the DNA modi-
fication. However, similar to observations for DNA repair, the 
induced modulation of cell cycle genes might be insufficient, 
from a quantitative and/or qualitative point of view, to warrant 
higher levels of modification. The marked SDF dose effect 
on the expression of both DNA repair and cell cycle genes, 
correlates well with the enhanced modification efficiency 
reached at the high SDF dose.

Because the DNA repair events occur in a cellular context, for 
a more realistic description of DNA lesion processing and of the 
cell cycle progression an integrated vision of DNA repair path-
ways, checkpoints and cell cycle phases must be considered. 
Achieving functional separation between sensors and effectors 
of DNA repair and the cell cycle is not easy and probably not 
useful. Sensors and effectors of DNA repair extensively influ-
ence reciprocal responses with dynamic and highly regulated 
mechanisms. By contrast, several proteins are multifunctional, 
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with direct involvement in both pathways. Exogenous DNA 
interferes with, and is treated by, this complicated network. The 
experimental evidence obtained by our studies confirms the 
involvement and interconnection of the biochemical pathways 
analyzed in the cellular response to cell invasion by exogenous 
DNA. In particular, of the studied genes, 18 were selected as 
the best targets/effectors of SFHR. These genes often have 
a dual (sometimes multiple) role in both DNA repair and cell 
cycle regulation pathways. This dual role further stresses the 
interconnection between SFHR, DNA repair effectors, and cel-
lular checkpoint regulators and clearly indicates that only an 
integrated study approach may highlight the network. The epi-
genetic changes and chromatin remodeling, as well as the host 
defense responses involved in the maintenance of genome 
structural integrity, which continuously occur during the differ-
ent phases of the cell cycle, are likely to influence the targeting 

mechanism. These actions may represent essential key factors 
for SFHR efficiency.

Our results could point a way to better yields of SDF-induced 
gene repair. In addition to constitute the molecular basis of the 
correction, the selected genes may represent ideal candidates 
for manipulations aimed to the enhancement of SFHR effi-
ciency. A further gene selection aimed to a practical application 
of SFHR may be based on specific characteristics of genes, for 
example, their functions, highest expression levels, and specific 
temporal patterns. From the point of view of the level of expres-
sion, Slfn1 and Cdkn1a are involved in the cell cycle checkpoint 
and arrest by the negative regulation of the G1/S transition with 
an increase of, respectively, 58 times (at 8 hours) and 19 times 
(at 24 hours). As well, Prm1 is involved in mitotic chromosome 
condensation (M phase), replacing histones during chromatin 
remodeling, with an increase of 16-fold at 24 hours. For these 

Figure 4 Temporal pattern after SFHR modification of selected genes within the DNA repair pathway (see text for selection criteria). 
**Student’s t-test with Bonferroni’s correction, P < 0.0006; *Student’s t-test, P < 0.05. SDF, small DNA fragment; SFHR, small fragment 
homologous replacement.
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genes, a favorable role in SFHR could be hypothesized. From 
the functions point of view, also for other two of the selected 
genes, Trex1 and Rad9, a favorable role in enhancing the 
SFHR modification efficiency could be hypothesized based on 
the facts that Trex1 has a role in mismatch repair and in a proof-
reading function for DNA polymerase and that Rad9 has a role 
in mismatch repair and HR, as well as in the cell cycle arrest, 
acting at the G2/M checkpoint. However, both genes have a 3′ 
to >5′ exonuclease activity on double-stranded DNA.46,47 Con-
sequently, a contrasting hypothesis is that their exonuclease 
activity might degrade the SDF, with consequent unfavorable 

effects on SFHR efficiency. These are examples of interesting 
targets to be down- or upregulated to enhance SFHR efficiency 
and to distinguish between contrasting hypotheses.

Taken together, these results contribute to the comprehen-
sion of the molecular mechanisms underlying cell invasion by 
exogenous DNA and its genomic effect. Adding to our previ-
ous findings that DNA methylation is involved in the response 
to exogenous DNA invasion,16 in this work, we determined 
that the two main pathways of the cell cycle and DNA repair 
also appear to mediate the cellular response to this invasion. 
The interplay between these pathways and their specific 

Figure 5 Temporal pattern after SFHR modification of selected genes within the cell cycle pathway (see text for selection criteria). 
**Student’s t-test with Bonferroni’s correction, P < 0.0006; *Student’s t-test, P < 0.05. SDF, small DNA fragment; SFHR, small fragment 
homologous replacement.
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temporal patterns appear to influence the modification effi-
ciency of SFHR. The selection of specific molecular targets to 
manipulate provides suggestions for increasing gene repair 
efficiency to achieve higher modification for practical SFHR 
applications in ex vivo therapeutic approaches. These results 
extend our knowledge of the molecular mechanisms that 
respond to exogenous DNA and are consequently involved 
in gene targeting. A more complete understanding of these 
mechanisms is also relevant for future therapeutic applica-
tions of protocols based on ZFN, TALEN, and CRISPR-Cas 
9 approaches.

Materials and methods

Cellular system and modification protocol
MEF-mutEGFP cellular system.  A cellular system com-
posed of MEF with a stably integrated mutated EGFP gene 

was used as previously set up and described by our group.16 
Briefly, MEF were isolated initially from a knockout SMA1 
mice (generated by prof. Arthur Burghes, Ohio State Univer-
sity)48 and subsequently immortalized with the SV40 virus.16 
The wild-type sequence of the EGFP gene (cloned between 
the pCMV promoter and SV40-pA) was mutated using a 
QuikChange Site-Directed Mutagenesis Kit (Agilent Tech-
nologies, Santa Clara, CA) to insert a nonsense mutation at 
codon 70 (CAG > TAG), thus creating a premature stop and a 
truncated nonfluorescent EGFP protein. Stable MEF clones 
integrating a variable number of mutated EGFP genes were 
produced. The C2 MEF-mutEGFP clone, integrating 13 cop-
ies of the mutated EGFP (mutEGFP) gene sequence, was 
chosen for the experiments described in this work. Cells were 
cultured, at 37 °C under 5% CO2, in Dulbecco's modified 
Eagle medium with 10% fetal bovine serum, 1% l-glutamine, 
1% penicillin/streptomycin, 120 ng/µl G418, 1% nonessential 
amino acids, 20 mmol/l HEPES (all from Euroclone, Milan, 

Figure 6 Temporal pattern after SFHR modification of selected genes with a role within both the DNA repair and the cell cycle 
pathways (see text for selection criteria). **Student’s t-test with Bonferroni’s correction, P < 0.0006; *Student’s t-test, P < 0.05. SDF, small 
DNA fragment; SFHR, small fragment homologous replacement.
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Italy), 0.01 mmol/l 2-β-mercaptoethanol (Gibco, Life Tech-
nologies, Foster City, CA), 200 ng/µl of hygromycin (Sigma-
Aldrich, Milan, Italy), according to a previously optimized 
protocol.16 For each experimental condition, 1.7 × 106 MEF-
mutEGFP were used. Each experimental condition was 
assayed at least in triplicate.

SDF features and nucleofection.  An SDF with previously 
optimized features and nucleofection parameters already set 
up was used.16 Briefly, a 876 bp double-stranded DNA SDF 
homologous to EGFP wild-type sequence (named SDF-
PCR-WT) was obtained by amplifying the wild-type EGFP 
region cloned in the pCR-2.1 vector (Invitrogen, CA) using 
the following primers: forward, 5′-ACTCATCAATGTATCT-
TATCAT-3′; reverse, 5′-AGGTCTATATAAGCAGAGCT-3′. The 
PCR product was purified from a 1% agarose gel using a 
QIAquick Gel Extraction Kit (Qiagen, Manchester, UK). The 
sequence of the SDF was checked by DNA sequencing and 
its quantity was determined using a spectrophotometer (ND-
1000, Nanodrop, Thermo Scientific Europe, Monza, Italy). In 
particular, 3 × 106 SDFs/cell (corresponding to 5 µg/1.7 × 106 
cells) or 12 × 106 SDFs/cell (corresponding to 20 µg/1.7 × 106 
cells) were used in experiments using a real-time expres-
sion array (qRT–PCR array) to test the effects of low and 
high SDF doses, respectively. Cells were suspended in 100 
µl of nucleofection buffer MEF-2, and electroporation was 
performed using the Amaxa Nucleofection System (Lonza, 
Cologne, Germany) with the nucleofection program T-20 
for the transfection of 1.7 × 106 cells with the two different 
amounts of the SDF. Simultaneously, 1.7 × 106 cells were 
electroporated under the same experimental conditions 
without adding SDF. Then, the cells were incubated at 37 °C 
under 5% CO2. Untransfected control cells were also plated. 

Cellular growth and modification.  For both growth and modi-
fication evaluations, every experimental condition was tested 
at least in triplicate (three independent biological samples 
from three independent experiments). Cellular growth was 
evaluated by counting trypsinized cells for every experimen-
tal condition at 8, 24, and 72 hours after transfection (or after 
plating for untransfected controls). For microscope count, 
10 µl of cell suspension was added to 10 µl of 2× Trypan 
blue to exclude dead cells. Ten microliters of this mix was 
placed in a glass slide to perform cell counts. Cellular growth 
is expressed as the ratio of the number of total living cells to 
the number of cells that initially underwent transfection (or 
plating for untransfected controls). Cellular viability was eval-
uated by flow cytometry by using BD FACSAria (BD Biosci-
ences, Erembodegem, Belgium). Dead cells were excluded 
by adding the nucleic acid dye TO-PRO-3 Iodide (20 nmol/l; 
Invitrogen) to a suspension of 106 cells. Cellular viability was 
evaluated at 24 and 72 hours after transfection (or plating for 
untransfected controls) and expressed as the percentage of 
living cells. The targeted modification rate was evaluated at 
72 hours after transfection (or plating for untransfected con-
trols) by flow cytometry analysis. The data from 3 × 105 living 
cells were analyzed using BD FACSDiva Software version 
6.1.3 (BD Biosciences), to obtain the percentage of EGFP-
positive cells. To gate EGFP-positive cells, parental wild-type 

EGFP cells16 were used. The remaining trypsinized cells 
were pelleted and used to perform RNA extraction.

RNA extraction, DNase treatment, and retrotranscription. 
Total RNA was extracted according to the RNeasy Mini Kit 
protocol (Qiagen) and dosed using a spectrophotometer 
(ND-1000, Nanodrop) to determine the concentration and 
the A260/A280 ratio. The quality of the extracted RNA was 
evaluated by agarose denaturing gel electrophoresis. DNase 
treatment was performed to remove residual amounts of con-
taminating genomic DNA according to the following protocol: 
6 µg of total RNA was incubated with 2.2 units of DNase I 
(New England Biolabs, Ipswich, MA) at 37 °C for 10′ in a final 
volume of 20 µl. Subsequently, the sample was treated with 1× 
ethylenediaminetetraacetic acid (50 mmol/l, pH = 8) at 75 °C 
for 10′ to deactivate the DNase I. A further DNase treatment 
step was performed by treating 2.4 µg of RNA (300 ng/µl) with 
Buffer GE (5×) (SABioscience, Qiagen) by incubation at 42 
°C for 5′. After both DNase treatments, reverse transcription 
was performed using a RT2 First Strand Kit (SABioscience, 
Qiagen) according to the manufacturer’s protocol: the reverse 
transcription mix was prepared in a final volume of 10 µl and 
subsequently added to 10 µl of DNase-treated RNA prepara-
tion. This mix was incubated at 42 °C for 15′ and then stopped 
immediately by incubating at 95 °C for 5′. Then, the reaction 
was placed on ice for 5′, and 91 µl of RNase-free water was 
added to proceed with the qRT–PCR array protocol.

Quantitative expression study using qRT–PCR arrays of 84 
DNA repair genes and 84 cell cycle genes. For the quan-
titative expression analysis, every experimental condition 
was tested at least in triplicate (three independent biologi-
cal samples from three independent experiments) at 8, 24, 
and 72 hours after transfection (or plating for untransfected 
controls). The quantitative analysis of the expression of 84 
genes involved in different DNA repair (Supplementary 
Figure S1) and cell cycle (Supplementary Figure S2) 
pathways was conducted using the RT2 Profiler PCR Array 
(SABioscience, Qiagen). Each array contains primer assays 
for 84 pathway genes and for 5 housekeeping genes that 
enable data normalization. In addition, several controls are 
included: one genomic DNA control, three reverse transcrip-
tion controls, and three positive PCR controls. The genomic 
DNA control specifically detects genomic DNA contamina-
tion with a high level of sensitivity. The reverse transcrip-
tion control tests the efficiency of the reverse transcription 
reaction performed using the RT2 First Strand Kit, detect-
ing a template synthesized from the kit’s built-in external 
RNA control. The positive PCR controls consist of a pre-
dispensed artificial DNA sequence and an accompanying 
detection assay to determine PCR efficiency. The controls 
provided in replicates are also used to test for interwell and 
intraplate consistency. The analyzed genes belonging to 
DNA repair and cell cycle pathways are listed in the legends 
of Supplementary Figures S1 and S2, respectively.

Real-time PCR was performed using RT2 Profiler PCR 
Arrays in combination with RT2 SYBR Green Mastermix 
(SABioscience, Qiagen). The PCR array master mix was 
composed of 1,350 µl of 2× RT2 SYBR Green Master Mix, 
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102 µl of cDNA synthesis reaction, and 1,248 µl of RNase-
free water in a final volume of 2,700 µl. Twenty-five microli-
ters of the PCR array master mix was dispensed into each 
well of the RT2 Profiler PCR Array. The plates were run on 
an Applied Biosystems 7500 Fast real-time PCR system 
(Applied Biosystems, Foster City, CA) according to the fol-
lowing cycle: 95 °C for 10′, followed from 40 cycles at 95 °C 
for 15,” and 60 °C for 1′. As control for primer specificity, the 
derivative melting curves of the PCR products generated at 
the end of the amplification cycle were used.

Once the threshold cycles (CT) of the individual genes 
were acquired, the analysis was performed using the pro-
vided Excel analysis template (SABioscience, Qiagen). ΔCT 
values were calculated using the difference between the CT 
values of the individual genes of interest and the average 
CT values of the housekeeping genes. All the tested house-
keeping genes remained stable in both the controls and the 
experiments (with a difference < 1.5 CT); thus, the average CT 
values of the housekeeping genes were calculated consid-
ering all values. The ΔΔCT was calculated by the difference 
between the ΔCT of the gene in the experiment and the ΔCT 
of the gene in the control. The fold change was calculated as 
2(−ΔΔCT). Average values were calculated using the results of 
at least three independent experiments.

Statistical analysis. The SPSS (SPSS, Chicago, IL) package 
was used for statistical analysis. For the analysis of modi-
fication efficiency and growth, a two-tailed Student’s t-test 
and one-way ANOVA were performed. For the analysis of 
the overall pattern of the number of modulated genes, χ2 
and contingency tables were used. For the overall analysis 
of the average fold change of modulated genes, a two-way 
ANOVA with Bonferroni’s posttest was used. For the compari-
son of the average fold change of modulated genes between 
specific pairs of experimental conditions, Student’s t-test for 
paired samples was used.

Preliminarily, we studied the overall pattern of expression 
change, analyzing both the number of genes with an altered 
expression pattern and their average fold change. After this 
preliminary analysis, a more stringent statistical analysis was 
performed (see below).

As preliminary analysis, we compared the expression fold 
change of experiments with the respective controls to select 
three different classes of expression modulation. We consid-
ered genes with a fold change greater than 1.2 with respect 
to the control to be upregulated, genes with a fold change 
less than 0.8 with respect to the control to be downregulated, 
and genes with a fold change from 0.8 to 1.2 with respect to 
the control to have expression levels similar to those of the 
control. We performed a statistical analysis of the number of 
upregulated, downregulated, and unchanged (three expres-
sion classes) genes at 8, 24, and 72 hours (three experimental 
times) using 3 × 3 contingency tables (three rows for the exper-
imental times and three columns for the expression classes). 
The following six comparisons were tested using a corre-
sponding number of contingency tables: cells transfected with 
5 or 20 µg of the SDF with respect to the untransfected control 
cells, cells transfected with 20 µg of the SDF with respect to 
cells transfected with 5 µg of the SDF, cells transfected with 
no SDF with respect to untransfected control cells, and cells 

transfected with 5 or 20 µg of the SDF with respect to cells 
transfected with no SDF. In addition, we analyzed the SDF 
dose effect using 3 × 3 contingency tables (three rows for con-
trol, 5 and 20 µg of the SDF, and three columns for the three 
experimental times) testing the following four comparisons: 
genes upregulated with respect to the untransfected control 
cells, genes upregulated with respect to cells transfected with 
no SDF, genes downregulated with respect to the untrans-
fected control cells, and genes downregulated with respect to 
cells transfected with no SDF.

The preliminary statistical analysis was also performed 
on the average fold change of upregulated and downregu-
lated genes by a two-way ANOVA (treatments and timing) 
and Bonferroni’s posttest. The following comparisons were 
tested for both up- and downregulated genes (overall four 
comparisons): cells transfected with 0, 5, or 20 µg of the 
SDF with respect to untransfected control and cells trans-
fected with 5 or 20 µg of the SDF with respect to cells trans-
fected with no SDF. For both up- and downregulated genes, 
three pairs of experimental conditions were tested by Stu-
dent’s t-test for paired data: cells transfected with 5 or 20 
µg of the SDF with respect to cells transfected with no SDF 
and cells transfected with 20 µg of the SDF with respect to 
cells transfected with 5 µg of the SDF.

After the overall analysis reported above, which consid-
ered all genes grouped into arbitrary classes of expression 
level, a more statistically stringent analysis was performed to 
select the genes with statistically significant expression modi-
fications with respect to the control. In this case, a two-tailed 
Student’s t-test with Bonferroni’s correction for multiple tests 
was used, with a corrected level of P <0.0006 considered sta-
tistically significant. Only for these preselected genes, a two-
tailed Student’s t-test was further used to statistically evaluate 
both the expression differences with respect to the control at 
any experimental time point and a dose effect according to 
the quantity of the SDF administered. In this case, P <0.05 
was considered statistically significant.

Supplementary material

Figure S1. DNA repair RT2 Profiler PCR Array.
Figure S2. Cell cycle RT2 Profiler PCR Array.
Figure S3. Basal expression of DNA repair genes in untrans-
fected MEF-mutEGFP at 8 h (black bars), 24 h (green bars) 
and 72 h (red bars) after plating (simultaneously to nucleo-
fected experimental lines).
Figure S4. Overall analysis of the fold change of the studied 
genes of the DNA repair pathway in MEF-mutEGFP at 8 h, 
24 h and 72 h after treatment, according to different experi-
mental conditions (from a to f).
Figure S5. Basal expression of cell cycle genes in untrans-
fected MEF-mutEGFP at 8 h (purple bars), 24 h (yellow bars) 
and 72 h (light blue bars) after plating (simultaneously with 
nucleofected experimental lines).
Figure S6. Overall analysis of the fold change of the studied 
genes of the cell cycle pathway in MEF-mutEGFP at 8 h, 24 h 
and 72 h after treatment, according to different experimental 
conditions (from a to f).
Brief descriptions and database links for the selected 
genes
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