
1Scientific Reports |         (2019) 9:15750  | https://doi.org/10.1038/s41598-019-51634-7

www.nature.com/scientificreports

Molecular harvesting with 
electroporation for tissue profiling
Alexander Golberg   1*, Julia Sheviryov1, Oz Solomon   2, Leon Anavy   3 & Zohar Yakhini   2,3*

Recent developments in personalized medicine are based on molecular measurement steps that guide 
personally adjusted medical decisions. A central approach to molecular profiling consists of measuring 
DNA, RNA, and/or proteins in tissue samples, most notably in and around tumors. This measurement 
yields molecular biomarkers that are potentially predictive of response and of tumor type. Current 
methods in cancer therapy mostly use tissue biopsy as the starting point of molecular profiling. Tissue 
biopsies involve a physical resection of a small tissue sample, leading to localized tissue injury, bleeding, 
inflammation and stress, as well as to an increased risk of metastasis. Here we developed a technology 
for harvesting biomolecules from tissues using electroporation. We show that tissue electroporation, 
achieved using a combination of high-voltage short pulses, 50 pulses 500 V cm−1, 30 µs, 1 Hz, with low-
voltage long pulses 50 pulses 50 V cm−1, 10 ms, delivered at 1 Hz, allows for tissue-specific extraction 
of RNA and proteins. We specifically tested RNA and protein extraction from excised kidney and liver 
samples and from excised HepG2 tumors in mice. Further in vivo development of extraction methods 
based on electroporation can drive novel approaches to the molecular profiling of tumors and of tumor 
environment and to related diagnosis practices.

Personalized medicine is the optimization of care on an individual basis. Personalized medicine, based on molec-
ular profiles of tumors and other tissues, has greatly developed over recent decades. In cancer therapy and care, 
a clear potential in several cases was demonstrated for the personalized approach as compared to traditional 
therapies1–3. Accurate diagnosis is a critical component of this approach. An important component of molecu-
lar diagnostics in diseased tissues, including tumors, is the profiling of DNA, RNA, proteins or metabolites, to 
identify molecular biomarkers that are predictive of tumor type4–7 and of patient response8,9. To enable tumor 
profiling, current methods use liquid10 or tissue biopsy. Tissue biopsy involves resection of a small tissue sample, 
a procedure which leads to localized tissue injury, bleeding inflammation, neural damage, fracture, and stress11,12, 
all increase the potential for tumor growth and metastasis13–15. The impact of this stress on tumor development 
is not well understood15. In addition, only a few biopsies can be performed at a time, limiting the scope of the 
spatial mapping of the sampled site, and leading to misdiagnosis if the tumor is missed or if a less relevant clonal 
sub-population is probed. Furthermore, some studies even concluded that due to tumor heterogeneity, informa-
tion from a single biopsy is not sufficient for guiding treatment decisions in prostate cancer16,17.

Indeed, recent literature identified the limited support, by current technology, for characterizing tumor 
molecular heterogeneity18, as a major limitation of the personalized medicine approach in cancer19. Significant 
genomic evolution often occurs during cancer progression, creating variability within primary tumors as well 
as between the primary tumors and metastases17,20,21. Indeed, recent studies show that a positive result (both 
successful biopsy and a decisive detection of markers) appear to reliably indicate the presence of the high-risk 
disease16. However, a negative result does not reliably rule out the presence of high-risk clones. This is partly 
because a harvested tissue sample may not capture the most aggressive clone of a given tumor or tumor site16. 
Despite the significant improvement of molecular characterization technologies, during recent decades, thanks 
to the introduction of new high-resolution sequencing and bioinformatics methods, these technologies remain 
limited by tissue sampling methods17,22. Thus, tissue sampling remains a critical limitation to personalized med-
icine16,17,23. Therefore, new approaches to molecularly probing and characterizing several regions in the tumor, 
termed molecular cartography, are called for24.

To extend the state of the art of technologies that enable precision therapy, we developed a novel approach for 
tissue sampling with molecular biopsy using electroporation25. Electroporation-based technologies have been 
successfully used to non-thermally irreversibly and reversibly change permeabilization of the cell membrane 
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in vivo, enabling a wide set of applications ranging from tumor ablation to targeted delivery of molecules to tis-
sues25. The important aspect of electroporation-based technologies, which distinguishes it from other methods is 
that the change inflicted on tissue permeabilization is chemical-free and non-thermal26,27, features that can help 
preserve the properties of the delivered or extracted molecules28,29. We and others have previously developed 
protocols for targeted delivery of electric fields to tissues to induce focused electroporation at the predetermined 
region in organs30–35. More recently, we have shown that electroporation technologies selectively extract proteins 
and ash from biomass36–38. Although electroporation has been used to deliver molecules to tissues and to ablate 
multiple tumors and metastatic sites, it has not so far, to the best of our knowledge, been proposed for extracting 
molecules for tissue molecular profiling, including tumors.

The goal of this work is to test electroporation based harvesting (e-harvesting) protocols and assess the molec-
ular profiles of RNA and proteins obtained through this procedure. In particular, we show that transcriptomic and 
proteomic profiles obtained by e-harvesting from excised HepG2 liver tumor samples in mice, normal murine 
liver and normal murine kidney, are tissue-specific and that they align with literature molecular information 
related to these samples. Literature measurement of molecular differences between these types of samples was 
obtained using standard extraction methods. This new approach to tissue characterization is substantially differ-
ent from needle or other excision biopsies (with the associated risks as described above), as well as from liquid 
biopsy (which only sees an average profile and can not provide sub-clonal information). Our approach, if and 
when used in combination with in-situ electrodes39–41, can potentially provide access to tumor molecular markers 
from organs harboring tumors even when the exact location of the tumors is not known. Furthermore, in the 
future, it could potentially lead to enabling multiple sampling and thereby to spatial molecular cartography of 
tissues.

Results
Transcriptomics and proteomics differences detected with e-harvesting in mouse liver and kid-
ney.  We tested the protocol for e-harvesting from the normal liver and normal kidney as shown in Fig. 1a. Our 
sample set consisted of 27 normal liver and 18 normal kidney samples from 3 mice.

Using qPCR on RNA extracted from kidney samples by e-harvesting (see Methods) we found that RNA 
encoding for Tmem27, Umod, and Slc34a1 were significantly overexpressed (p-val < 10−4) compared to RNA for 
these genes extracted from the liver (Figs 1b and S1). Furthermore, Apoa5, F12, and Abcb11 genes were signif-
icantly (p-val < 10−4) higher in the e-extracts from the liver than in the e-extracts from the kidney (Figs 1b and 
S1). These results are consistent with the literature used to select these genes for testing (see Methods).

Proteins were also extracted from the samples, following e-harvesting, and then profiled using unlabeled 
proteomics by LC/MS-MS (see Methods). Using proteomics, we identified 2078 proteins in both kidney and 
liver (Tables S1 and S2). Using GOrilla42 we performed gene ontology analysis for the associated genes, working 
with the ranked list of differently expressed proteins, annotated to the mouse genome (Table S3). We also analyze 
the molecular weight (MW) of the extracted proteins and observe a lognormal distribution (Table 1) as further 
described in Supplementary Information 1.

Figure 1.  (a) Protocol for molecular harvesting by electroporation (e-harvesting) from mouse normal liver and 
kidney samples. (b) Differential expression of genes detected in e-harvested samples of mouse liver and kidney; 
N = 6.
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Analysis of gene ontology terms by processes showed that the processes of small molecule metabolism, 
organic acid metabolism, drug metabolism, and fatty acid metabolism were more active in the liver than in the 
kidney (Fig. 2, Tables 2 and S4).

Analysis of function categories shows multiple significant functional differences between the liver and the 
kidney, including catalytic activity, drug binding, and fatty-acyl-CoA binding, lyase activity43, oxidoreductase44 
activities, which are all expressed higher in the liver (Tables 3 and S5).

Analysis by component showed large differences in mitochondrion related proteins extracted from the liver 
vs kidney (Tables 4 and S6).

We further compared the proteomic profiles and differences we obtained using the e-harvesting protocol 
to the literature45. Literature differential proteomics results were obtained using standard extraction protocols. 
We generated a list of differently expressed proteins from our proteomics measurements as well as one from 
the mouse protein atlas and compared the ranking of 1496 proteins common to both lists using the min-min 
Hypergeometric statistics, m2HG46–48 (Table S7). We observed that the two ranked lists are mutually enriched, 
with an m2HG p-value < 1E-40. In the top 428 proteins in the ranking obtained using e-harvesting we observe 
150 of the top 200 proteins in the ranking obtained from the literature.

Transcriptomics and proteomics differences detected with e-harvesting in HepG2 human 
tumor model compared to the normal liver in the mouse.  We next tested our e-harvesting protocol 
by profiling HepG2 tumors grafted into murine livers (Fig. 3a). Histological examination clearly shows abnormal 
cells and tissue structures at the tumor area vs a normal liver structure (Fig. 3b). Tumors area showed an expected 
higher expression of Glypican 349 and Ki6750. For the comparison to normal mouse liver, we profiled 7 tumor 
samples and 14 normal mouse liver samples from 5 mice.

We found that in the e-extracts from the HepG2 liver model in mice, RNA encoding for PLK_1, S100P, 
TMED3, TMSB10, and KIF23 were expressed at significantly higher levels than RNA for these genes e-extracted 
from the normal liver (Figs 4 and S2).

Proteins were also extracted from the samples, following e-harvesting, and then profiled using unlabeled 
proteomics by LC/MS-MS (see Methods) (Table S8). For 2782 proteins from the HepG2 and the normal liver, 
identified using this approach, we performed gene ontology analysis with the associated genes (on the ranked list 
of differently expressed proteins, Table S9) using GOrilla42, annotating the ranked gene list to the mouse genome. 
We also analyze the molecular weight (MW) of the extracted proteins and observe a lognormal distribution 
(Table 1) as further described in Supplementary Information 1.

Analysis of gene ontology terms by processes showed that the processes of macromolecules metabolism, 
nucleic acid metabolism, regulation of cellular processes and macromolecule biosynthesis were higher in the 
HepG2 than in the normal liver (Fig. 5, Tables 5 and S10).

Analysis of the function terms shows multiple significant functional differences between the HepG2 as 
compared to the normal murine liver, including nucleic acid binding, protein binding, and oxygen binding, all 
expressed higher in the tumor (Tables 6 and S11).

Analysis by component showed large differences in the levels of proteins from cytosolic parts, from the 
protein-containing complexes and from the ribonucleoprotein complex extracted from HepG2 vs the normal 
liver (Tables 7 and S12).

Discussion
In this work, we tested molecular harvesting by electroporation from normal tissue samples as well as from tumor 
samples and assessed the molecular profiles of RNA and proteins obtained by this procedure. We showed that 
e-harvested RNA and proteins from HepG2 liver tumor in mouse liver, normal murine liver, and normal murine 
kidney are tissue-specific. These results suggest that e-extraction could be used for sample handling that can lead 
to informative molecular signatures.

Molecular extraction is a starting point in any molecular diagnostic assay51. The procedures include tissue 
disruption, cell lysis, sample pre-fractionation, and separation52. Although chemical, enzymatic and mechanical 
methods, including grinding, shearing, beating, and shocking to obtain tissue permeabilization for molecular 
extraction are well developed53,54, the extraction of molecules for analysis and for diagnosis at the point of care 
is still very challenging55. In addition, most of the current methods are very low-throughput, require individual 
sample manipulation and are not suitable for rapid extractions. The later is often required when the sample is 
sensitive and degrades rapidly54,56. To address these challenges, electric fields have been investigated in the recent 
decade as potentially supporting improved molecular extraction54. High-voltage, pulsed electric fields that lead 
to tissue electroporation is a specific example of these emerging technologies. Previous works demonstrated the 
extraction of genomic DNA57, RNA58, and proteins59 from cells and tissues by electroporation. However, to the 
best of our knowledge, no previous work investigated molecular signatures, nor did any previous work perform 
differentiation expression analysis, as shown in this work.

Tissue Min 1st Qu. Median Mean 3rd Qu. Max

Kidney 2.79 11.99 18.01 25.21 31.53 106.25

Liver 3.81 18.38 30.53 36.38 48.35 272.43

HepG2 3.82 18.92 32.19 40.26 50.88 394.46

Table 1.  Descriptive statistics of molecular weights of proteins extracted from tissues with electroporation. 
iBAQ > 107.
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The e-extract of the kidney contained higher expression Tmem27, Umod and Slc34a1 and the extract from 
the liver contained higher expression Apoa5, F12, and Abcb11 (Fig. 1), which aligns with literature reports60. This 
demonstration of differential expression measured in e-extracts was also corroborated with the study on the RNA 
extraction from the HepG2 tumor model in the mice liver. We found that in RNA e-extracted from the HepG2 
liver model in mice RNA molecules encoding for PLK_1, S100P, TMED3, TMSB10, and KIF23 were significantly 
overexpressed as compared to RNA molecules of these genes e-extracted from the normal liver (Fig. 4). The 
higher expression of these genes in HepG2 was shown previously in the RNA-seq data from these tumors61,62. 

Figure 2.  Annotation of the identified proteins to processes. The annotation applies to all identified proteins 
(Tables S1 and S2) and is performed by GOrilla42 using a list ranked by (LFQ_liver-LFQ_Kidney) values.

GO term Description P-value* FDR q-value** Enrichment (N, B, n, b)***
GO:0044281 small molecule metabolic process 2.34E-50 1.90E-46 2.72 (1731, 323, 333, 169)

GO:0006082 organic acid metabolic process 6.13E-44 2.48E-40 3.40 (1731, 209, 285, 117)

GO:0043436 oxoacid metabolic process 7.64E-43 2.06E-39 3.39 (1731, 206, 285, 115)

GO:0019752 carboxylic acid metabolic process 1.87E-41 3.78E-38 3.36 (1731, 204, 285, 113)

GO:0055114 oxidation-reduction process 1.13E-37 1.84E-34 2.37 (1731, 218, 510, 152

GO:0044282 small molecule catabolic process 8.09E-36 1.09E-32 4.49 (1731, 91, 292, 69)

GO:0008152 metabolic process 4.76E-35 5.51E-32 1.42 (1731, 914, 547, 411)

GO:0016054 organic acid catabolic process 2.93E-30 2.97E-27 4.72 (1731, 72, 285, 56

GO:0046395 carboxylic acid catabolic process 2.93E-30 2.64E-27 4.72 (1731, 72, 285, 56)

GO:0071704 organic substance metabolic process 6.56E-30 5.32E-27 1.46 (1731, 816, 524, 360)

GO:0051186 cofactor metabolic process 6.16E-27 4.54E-24 2.60 (1731, 145, 460, 100)

GO:0032787 monocarboxylic acid metabolic process 6.35E-27 4.29E-24 2.74 (1731, 116, 480, 8)

GO:0017144 drug metabolic process 3.02E-26 1.88E-23 2.60 (1731, 143, 457, 98)

GO:0044237 cellular metabolic process 5.98E-26 3.46E-23 1.44 (1731, 794, 524, 346)

GO:0009056 catabolic process 2.33E-24 1.26E-21 2.43 (1731, 279, 294, 115)

Table 2.  Gene ontology by a process of the differently expressed proteins in the liver and the kidney extracted 
with electroporation mapped with GOrilla42. *‘P-value’ is the enrichment p-value computed according to the 
mHG or HG model. This p-value is not corrected for multiple testing of 731 GO terms. **‘FDR q-value’ is 
the correction of the above p-value for multiple testing using the Benjamini and Hochberg (1995) method. 
Namely, for the ith term (ranked according to p-value) the FDR q-value is (p-value * a number of GO terms)/i. 
***Enrichment (N, B, n, b) is defined as follows: N - is the total number of genes. B - is the total number of 
genes associated with a specific GO term. n - is the number of genes in the top of the user’s input list or in the 
target set when appropriate. b - is the number of genes in the intersection. Enrichment = (b/n)/(B/N).
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Taken together, our data suggest that electroporation extraction maintains some of the relative expression of 
RNA and allows for the faithful detection of differential expression between kidney, liver, and tumor in the liver.

However, the impact of the pulsed electric fields on RNA integrity, which is important for the downstream 
analysis63 is still not known and is the subject of current invetigation64,65. Importantly, our previous work on the 
impact of electroporation type pulsed electric fields on the supercoiled DNA showed that electric fields cause 
the change in the size of the supercoiled DNA molecules, probably by nicking29. Future protocols development 
should focus on the extraction of RNA with high integrity, which could be used for sequencing.

GO term Description P-value* FDR q-value** Enrichment (N, B, n, b)***
GO:0003824 catalytic activity 4.64E-50 9.28E-47 1.75 (1731, 672, 480, 326)

GO:0016491 oxidoreductase activity 1.23E-37 1.23E-34 2.78 (1731, 197, 398, 126)

GO:0048037 cofactor binding 2.47E-27 1.64E-24 2.56 (1731, 141, 484, 101)

GO:0050662 coenzyme binding 9.02E-21 4.5E-18 3.12 (1731, 93, 376, 63)

GO:0036094 small molecule binding 2.65E-14 1.06E-11 2.13 (1731, 336, 230, 95)

GO:0031406 carboxylic acid binding 5.16E-12 1.72E-9 3.58 (1731, 49, 316, 32)

GO:0016829 lyase activity 1.47E-11 4.21E-9 3.50 (1731, 46, 333, 31)

GO:0043177 organic acid binding 2.7E-11 6.74E-9 3.44 (1731, 51, 316, 32)

GO:0042802 identical protein binding 6.05E-11 1.34E-8 2.46 (1731, 299, 127, 54)

GO:1901265 nucleoside phosphate binding 2.98E-9 5.95E-7 1.43 (1731, 257, 743, 158)

GO:0000166 nucleotide binding 2.98E-9 5.41E-7 1.43 (1731, 257, 743, 158)

GO:0016616 oxidoreductase activity, acting on the CH-OH 
group of donors, NAD or NADP as acceptor 4.38E-9 7.3E-7 4.04 (1731, 43, 229, 23)

GO:0016836 hydro-lyase activity 5.24E-9 8.05E-7 6.79 (1731, 17, 195, 13)

GO:0051287 NAD binding 6.27E-9 8.94E-7 3.31 (1731, 29, 415, 23)

GO:0003735 structural constituent of ribosome 1.69E-8 2.25E-6 2.67 (1731, 35, 518, 28)

Table 3.  Gene ontology by a function of the differently expressed proteins in the liver and the kidney extracted 
with electroporation mapped with GOrilla42. *‘P-value’ is the enrichment p-value computed according to the 
mHG or HG model. This p-value is not corrected for multiple testing of 731 GO terms. **‘FDR q-value’ is 
the correction of the above p-value for multiple testing using the Benjamini and Hochberg (1995) method. 
Namely, for the ith term (ranked according to p-value) the FDR q-value is (p-value * a number of GO terms)/i. 
***Enrichment (N, B, n, b) is defined as follows: N - is the total number of genes. B - is the total number of 
genes associated with a specific GO term. n - is the number of genes in the top of the user’s input list or in the 
target set when appropriate. b - is the number of genes in the intersection. Enrichment = (b/n)/(B/N).

GO term Description P-value* FDR q-value** Enrichment (N, B, n,b)***
GO:0005739 mitochondrion 4.63E-37 5.23E-34 2.00 (1731, 429, 432, 214

GO:0044429 mitochondrial part 9.3E-20 5.26E-17 1.90 (1731, 235, 542, 140)

GO:0044444 cytoplasmic part 4.7E-16 1.77E-13 1.24 (1731, 1195, 428, 366)

GO:0005743 mitochondrial inner membrane 4.81E-16 1.36E-13 1.96 (1731, 144, 612, 100)

GO:0031966 mitochondrial membrane 9.05E-16 2.05E-13 2.22 (1731, 175, 401, 90)

GO:0043209 myelin sheath 7.47E-15 1.41E-12 2.30 (1731, 78, 597, 62)

GO:0019866 organelle inner membrane 2.18E-14 3.52E-12 1.97 (1731, 149, 559, 95)

GO:0043233 organelle lumen 1.2E-9 1.69E-7 2.30 (1731, 94, 408, 51)

GO:0070013 intracellular organelle lumen 1.2E-9 1.5E-7 2.30 (1731, 94, 408, 51)

GO:0031974 membrane-enclosed lumen 1.2E-9 1.35E-7 2.30 (1731, 94, 408, 51)

GO:0022627 cytosolic small ribosomal subunit 1.84E-9 1.89E-7 4.06 (1731, 20, 384, 18)

GO:0042579 microbody 3.44E-9 3.24E-7 2.61 (1731, 47, 480, 34)

GO:0005777 peroxisome 9.61E-9 8.36E-7 2.59 (1731, 46, 480, 33)

GO:0005759 mitochondrial matrix 1.65E-8 1.33E-6 2.20 (1731, 48, 623, 38)

GO:0031090 organelle membrane 3.01E-7 2.27E-5 1.56 (1731, 296, 401, 107)

Table 4.  Gene ontology by a component of the differently expressed proteins in the liver and the kidney 
extracted with electroporation mapped with GOrilla42. *‘P-value’ is the enrichment p-value computed according 
to the mHG or HG model. This p-value is not corrected for multiple testing of 731 GO terms. **‘FDR q-value’ 
is the correction of the above p-value for multiple testing using the Benjamini and Hochberg (1995) method. 
Namely, for the ith term (ranked according to p-value) the FDR q-value is (p-value * a number of GO terms)/i. 
***Enrichment (N, B, n, b) is defined as follows: N - is the total number of genes. B - is the total number of 
genes associated with a specific GO term. n - is the number of genes in the top of the user’s input list or in the 
target set when appropriate. b - is the number of genes in the intersection. Enrichment = (b/n)/(B/N).
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The proteomic analysis of the electroporation extracted samples showed that proteins extracted from tissues 
are aligned with literature45 in terms of relative tissue abundance (Figs 2 and 5). Gene Ontology (GO) analysis 
performed on the ranked lists of the extracted proteins showed significant differences for process, function, and 
component terms of proteins extracted from the kidney, liver and HepG2 tumor model in the murine liver. Our 
previous studies on proteins extraction with electroporation from the chicken breast muscle also showed that 
using Gene Ontology analysis antioxidant function of the extracted proteins could be predicted59. The current 
work expanded that preliminary observation and shows that the extracted proteins are tissue-specific and poten-
tially could allow differential expression measurements in various tissues including tumors. In the aforemen-
tioned previous work, we also showed that electroporation leads to selective extraction of proteins and ash from 
the seaweed36,37. Therefore, future studies of e-harvesting in tissue samples should determine the properties of the 
extractable proteins37,38. These properties depend on the tissue structure, using pulsed electric fields protocols 
and the extraction solvent66. This work does not address the physicochemical properties of the extracted proteins, 
which predicate their extractability and solubility67 and additional studies in this direction are needed68. The 
combined knowledge of the physicochemical properties of the extractable proteins, the structure and chemical 
properties of the analyzed tissue could provide new ways for optimizing the pulsed electric field parameters such 
as electric field strength, pulse duration, pulse number, and frequency. Optimized parameters are critical for the 
further development of this method for molecular harvesting from various tissue types and for detailed molecular 
profiling.

Molecular harvesting with electroporation, as introduced in this work, is a new concept for tissue molecular 
profiling. The feasibility of permeabilization by electroporation is established either to deliver molecules to tis-
sues and cells (drugs, vaccines, etc.) or to directly kill cells25. Temporary permeabilization of tissue to facilitate 

Figure 3.  (a) Excised liver with the HepG2 tumor. (b) Hematoxylin and eosin (H&E) staining of the mouse 
liver samples with HepG2 tumor. Glypican 3 expression in the normal liver section (c) and in the section with 
GepG2 tumor (d) Ki67 expression in the normal liver section (e) and in the section with GepG2 tumor (f).
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molecular harvesting has not been proposed until this work and to the best of our knowledge, devices that allow 
for the harvesting of molecules from tissues do not exist. In this study, we show that e-harvesting allows for the 
extraction of tissue-specific markers from excised tissue samples. This approach could potentially be used for 
molecular biopsy when the exact location of the tumor is not known. Future studies are needed to develop devices 
and methods for multiple probing of tissues and tumors in a single multipart procedure. Multiple probing will 
enable precise molecular cartography of physiological regions, which, in turn, could provide new essential infor-
mation related to tumor heterogeneity, paving new roads for personalized medicine.

Figure 4.  (a) Protocol for electroporation based molecular harvesting from normal livers and from HepG2 
tumor models in mouse. (b) Differential expression of genes detected with RNA extracted using the proposed 
e-harvesting protocol from mouse liver and from HepG2; N = 6.

Figure 5.  Annotation of the identified proteins to process GO terms. The annotation was done on all identified 
proteins and is performed by GOrilla42 using a list ranked by (LFQ_HepG2-LFQ_Liver) values.
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Methods
Animals.  All animal procedure was approved by the Israel National Council for Animal Experimentation 
(Israel Ministry of Health number IL-18-3-92). Eight, 8-week old female Athymic Nude mice weighting ~20 g 
were provided by the Science in Action Ltd. CRO. Five animals were used for the HepG2 model and 3 additional 
animals were used for the differential expression comparison between normal tissues. The animals were housed 
in cages with access to food and water ad libitum and were maintained on a 12 h light/dark cycle in a room tem-
perature of around 21 °C and a relative humidity range of 30 to 70%. All in vivo experiments were conducted by 
a professional veterinary in accordance with the Israel National Council for Animal Experimentation guidelines 
and regulations.

In vivo human HepG2 liver tumor model.  Human HepG2 cell line was purchased from ATCC. The 
cells were grown on the base medium for this cell line (ATCC-formulated Eagle’s Minimum Essential Medium, 
Catalog No. 30-2003) supplemented with a fetal bovine serum to a final concentration of 10%. After 5 passages, 
approximately 2 weeks of cultivation, 106 HepG2 cells (50 µL) were directly injected into the mice liver lobe 
during surgery, similar to69. In brief, the animals were anesthetized with Ketamine/Xylazine. The abdomen was 
shaved and the skin was cleaned with ethanol (70%). The small incision was made on the skin up to the liver. One 
lobe was exposed and the cells were injected with 0.5 mL syringe and 29G needle. After the injection the skin was 
sutured with 0/5 thread. Four to five weeks after the injection of the cells, the mice were euthanized with CO2 
and the tissues were immediately harvested for extraction with pulsed electric fields. The tumor was induced in 
5 animals.

Histology.  Specimens were harvested immediately after the treatment and fixed in 10% formalin. Samples 
in plastic cassettes were dehydrated through ascending ethanol concentrations, transferred into xylene and then 
paraffinized into paraffin, by an automated machine. Next, the samples were manually embedded into paraffin 
blocks. The paraffin blocks were sectioned at approximately 3–5 microns thickness. Sections were put on glass 
slides. Slides were stained with Hematoxylin & Eosin (H&E) and covered by an automated machine.

Immunohistochemistry.  Paraffin blocks were sectioned at approximately 3–5 microns thickness. Sections 
were put on Super Frost plus glass slides. Slides were incubated overnight at 60 °C. Slides were stained using the 
standard procedure in Ventana BenchMark Ultra automated slides stainer in combination with Ventana ultra 
view Universal DAB Detection Kit (Ventana, Roche Diagnostics cat #760-500).

The slides were stained with the following antibodies: monoclonal mouse anti-Human Ki-67, clone MIB-1 
(Dako, cat# M7240), diluted 1:200 and monoclonal mouse anti-Human Glypican-3 (GPC3), clone 1G12 (BioCare 
Medical, cat# PM396 AA), Ready-to-use. Slides were counterstained in Mayer’s Hematoxylene, dehydrated 
through ascending ethanol concentrations, cleared in Xylene, mounted and covered.

Pulsed electric field application for biomolecules extraction ex vivo.  First, 250–300 mg of tissue 
was excised and loaded into electroporation cuvette (BTX electroporation cuvettes plus, 2 mm, Model No. 620, 

GO term Description P-value* FDR q-value** Enrichment (N, B, n, b)***
GO:0043170 macromolecule metabolic process 2.47E-23 2.22E-19 1.36 (2589, 919, 992, 478)

GO:0044260 cellular macromolecule metabolic process 1.98E-21 8.93E-18 1.44 (2589, 648, 992, 358)

GO:0090304 nucleic acid metabolic process 5.93E-20 1.78E-16 1.64 (2589, 334, 992, 210)

GO:0050789 regulation of biological process 7.73E-20 1.74E-16 1.25 (2589, 1301, 968, 607)

GO:0051171 regulation of nitrogen compound metabolic process 1.08E-19 1.94E-16 1.57 (2589, 695, 639, 269)

GO:0050794 regulation of cellular process 1.55E-19 2.33E-16 1.27 (2589, 1202, 970, 570)

GO:0060255 regulation of macromolecule metabolic process 1.86E-19 2.4E-16 1.52 (2589, 718, 689, 291)

GO:0080090 regulation of primary metabolic process 8.83E-19 9.95E-16 1.54 (2589, 731, 639, 277)

GO:0006412 translation 1.07E-16 1.07E-13 2.83 (2589, 161, 398, 70)

GO:0048519 negative regulation of biological process 1.57E-16 1.41E-13 1.45 (2589, 720, 759, 306)

GO:0034645 cellular macromolecule biosynthetic process 2.77E-16 2.27E-13 2.50 (2589, 231, 381, 85)

GO:0009059 macromolecule biosynthetic process 4.38E-16 3.29E-13 2.45 (2589, 241, 381, 87)

GO:0048523 negative regulation of cellular process 4.78E-16 3.31E-13 1.47 (2589, 655, 759, 283)

GO:0043043 peptide biosynthetic process 5.81E-16 3.74E-13 2.76 (2589, 165, 398, 70)

GO:0010468 regulation of gene expression 7.68E-16 4.61E-13 1.53 (2589, 480, 846, 240)

Table 5.  Gene ontology by a process of the differently expressed proteins in the HepG2 the normal liver 
extracted with electroporation mapped with GOrilla42. *‘P-value’ is the enrichment p-value computed according 
to the mHG or HG model. This p-value is not corrected for multiple testing of 731 GO terms. **‘FDR q-value’ 
is the correction of the above p-value for multiple testing using the Benjamini and Hochberg (1995) method. 
Namely, for the ith term (ranked according to p-value) the FDR q-value is (p-value * a number of GO terms)/i. 
***Enrichment (N, B, n, b) is defined as follows: N - is the total number of genes. B - is the total number of 
genes associated with a specific GO term. n - is the number of genes in the top of the user’s input list or in the 
target set when appropriate. b - is the number of genes in the intersection. Enrichment = (b/n)/(B/N).
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Harvard Apparatus, MA). The cuvette was inserted into a custom- made electroporation cuvette holder and con-
nected to the electric field pulse generator, (BTX830, Harvard Apparatus, MA). Electroporation was performed 
using a combination of high-voltage short pulses with low-voltage long pulses, which was shown to increase 
the efficiency and area of permeabilized tissues70–72, as follows: 50 pulses 500 V cm−1, 30 µs, 1 Hz, and 50 pulses 
50V cm−1, 10 ms, delivered at 1 Hz. After the PEF treatment, 300 µl Nuclease-free water was added to the cuvette 
for “juice” dilution and then liquids transferred to 1.5 ml tubes.

RNA isolation and amplification from the pulsed electric field extracted juice.  Normal mouse 
liver and normal mouse kidney.  All samples were collected in fresh conditions and transferred on ice from the 
surgery room to the laboratory. The extract from 3 mice tissues was separated to 27 normal liver and 18 normal 
kidney samples after the RNA extraction.

The total RNA was extracted using Water-saturated phenol and 1-Bromo-3-chloropropane (Biological 
Industries, Beit Haemek Ltd). The cDNA used for PCR was synthesized from total RNA using the GoScript™ 
Reverse Transcription System (Promega Corporation, Madison, WI, USA).

To select genes for PCR profiling we downloaded mouse liver and kidney RNA-seq data from Newman et al. 
(2017. PMID:28877458) (GEO ID: GSE101657)60, which covers five mice per tissue type. Normalization and dif-
ferential expression (DE) analysis were done using DESeq273. We considered a gene to be DE if it has a corrected 
p-value < 0.01 and log2(fold-change) > |1| and if it also has average read coverage >100 normalized reads. The 
selected DE genes: Slc34a1, Umod, Tmem27, Apoa5, F12, and Abcb11 were also manually checked to see if their 
human orthologs are also liver/kidney-specific according to the human protein atlas (https://www.proteinatlas.
org/). To measure expression differences between normal tissues (kidney vs liver) we used PCR with 6 pairs 
of specific primers for the selected genes. The primers were designed according to the mouse transcriptome 
(Table S13).

The PCR amplification protocol was 95 °C for 30 s, 40 cycles of 95 °C for 5 s, 55 °C for 10 s, and 72 °C for 30 s.

HepG2 cells compared to normal mouse liver.  To select genes for comparative PCR measurements in HepG2 vs 
normal murine liver we downloaded RNA-seq of HepG2 cellular carcinoma and matched normal samples from 
TCGA (TCGA LIHC, PMID: 28622513)74. Normalization and DE analysis were done using DESeq2. We con-
sidered a gene as DE, if it has corrected p-value < 0.01 and log2(fold-change) > |1|. The list of genes considered 
as up-regulated in cancer (the genes with log2(fold-change) > 1) was further filtered to include only genes for 
which in both HepG2 RNA-seq data from Solomon et al. (2017, PMID:29129909)61 and HepG2 RNA-seq data 
from the ENCODE project62, an expression level higher than 75% of the expressed genes is observed (reads per 
kilobase million > 10 (RPKM > 10) in both studies). Using the human protein atlas, we manually checked that 
the selected genes are considered as elevated in cancer but underexpressed in normal liver. The selected genes 
were PLK1, TMED3, TMSB10, S100P, and KIF23. To measure expression differences between tumor and normal 
liver tissue we used PCR with 5 pairs of specific primers for the selected genes. The primers were designed accord-
ing to the human transcriptome (Table S14).

GO term Description P-value* FDR q-value** Enrichment (N, B, n, b)***
GO:0003676 nucleic acid binding 5.63E-39 1.46E-35 1.73 (2589, 461, 991, 306)

GO:0003723 RNA binding 5.41E-31 7.02E-28 1.79 (2589, 342, 981, 232)

GO:0005515 protein binding 2.13E-28 1.85E-25 1.26 (2589, 1435, 999, 696)

GO:0003735 structural constituent of ribosome 5.96E-24 3.87E-21 4.18 (2589, 95, 372, 57)

GO:0005198 structural molecule activity 1.29E-21 6.73E-19 2.89 (2589, 191, 398, 85)

GO:0005488 binding 6.16E-19 2.67E-16 1.12 (2589, 2046, 999, 884)

GO:0003729 mRNA binding 2.28E-15 8.47E-13 2.53 (2589, 98, 679, 65)

GO:0003677 DNA binding 1.74E-14 5.66E-12 1.81 (2589, 163, 991, 113)

GO:0044877 protein-containing complex binding 1.19E-13 3.44E-11 1.60 (2589, 324, 890, 178)

GO:0019899 enzyme binding 1.34E-12 3.49E-10 1.82 (2589, 463, 375, 122)

GO:0019843 rRNA binding 3.13E-12 7.39E-10 4.73 (2589, 33, 398, 24)

GO:1901363 heterocyclic compound binding 9.98E-12 2.16E-9 1.23 (2589, 973, 992, 460)

GO:0097159 organic cyclic compound binding 3.02E-11 6.04E-9 1.22 (2589, 995, 992, 467)

GO:0008092 cytoskeletal protein binding 1.98E-10 3.68E-8 1.76 (2589, 198, 756, 102)

GO:0043565 sequence-specific DNA binding 2.18E-10 3.77E-8 2.18 (2589, 73, 845, 52)

Table 6.  Gene ontology by function of the differently expressed proteins in the HepG2 the normal liver 
extracted with electroporation mapped with GOrilla42. *‘P-value’ is the enrichment p-value computed according 
to the mHG or HG model. This p-value is not corrected for multiple testing of 731 GO terms. **‘FDR q-value’ 
is the correction of the above p-value for multiple testing using the Benjamini and Hochberg (1995) method. 
Namely, for the ith term (ranked according to p-value) the FDR q-value is (p-value * a number of GO terms)/i. 
***Enrichment (N, B, n, b) is defined as follows: N - is the total number of genes. B - is the total number of 
genes associated with a specific GO term. n - is the number of genes in the top of the user’s input list or in the 
target set when appropriate. b - is the number of genes in the intersection. Enrichment = (b/n)/(B/N).
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The PCR amplification protocol was 95 °C for 30 s, 40 cycles of 95 °C for 5 s, 55 °C for 10 s, and 72 °C for 30 s 
Table S14. Primers used for the mouse liver and human HepG2 tumor in mouse liver differentiation by the RNA 
extracted with electroporation.

All samples were collected in fresh conditions and transferred on ice from the surgery room to the labora-
tory. The extract from 5 mice tissues was separated into 7 tumors and 14 normal kidney samples after the RNA 
extraction. The RNA was separated using 1.2% E-Gel electrophoreses system (ThemoFisher, CA). The gel images 
were captured with ENDUROTM GDS camera (Labnet Inc., NJ). Quantification was done with ImageJ (ver 1.52e, 
NIH, MA).

Isolating proteins from the pulsed electric field extracted juice.  Proteins were isolated from the PEF 
extract using the protocol of EZ- RNA II kit (Biological Industries, Beit Haemek Ltd). Air-dried protein pellets 
were taken for proteomic analysis as described below.

Identifying and quantifying proteins using LC-MS/MS.  Proteolysis.  The samples were brought to 
8 M urea, 400 mM ammonium bicarbonate, 10 mM DTT, vortexed, sonicated for 5′ at 90% with 10–10 cycles, 
and centrifuged. Protein amount was estimated using Bradford readings. 20 ug protein from each sample was 
reduced 60 °C for 30 min, modified with 37.5 mM iodoacetamide in 400 mM ammonium bicarbonate (in the 
dark, room temperature for 30 min) and digested in 2 M Urea, 100 mM ammonium bicarbonate with modi-
fied trypsin (Promega) at a 1:50 enzyme-to-substrate ratio, overnight at 37 °C. Additional second digestion with 
trypsin was done for 4 hours at 37 °C.

Mass spectrometry analysis.  The tryptic peptides were desalted using C18 tips (Harvard) dried and re-suspended 
in 0.1% Formic acid. The peptides were resolved by reverse-phase chromatography on 0.075 × 180-mm fused 
silica capillaries (J&W) packed with Reprosil reversed-phase material (Dr. Maisch GmbH, Germany). The pep-
tides were eluted with linear 180 minutes gradient of 5 to 28% 15 minutes gradient of 28 to 95% and 25 minutes 
at 95% acetonitrile with 0.1% formic acid in water at flow rates of 0.15 μl/min. Mass spectrometry was performed 
by Q-Exactive Plus mass spectrometer (Thermo) in a positive mode using repetitively full MS scan followed by 
collision induces dissociation (HCD) of the 10 most dominant ions selected from the first MS scan.

The mass spectrometry data from all the biological repeats were analyzed using the MaxQuant software 1.5.2.8 
(Mathias Mann’s group) vs. the mouse proteome from the UniProt database with 1% FDR. The data were quan-
tified by label-free analysis using the same software, based on extracted ion currents (XICs) of peptides enabling 
quantitation from each LC/MS run for each peptide identified in any of the experiments.

Statistical analysis.  We statistically analyzed the functional groups of the extracted proteins using Gene 
Ontology (GO) analysis with GOrilla, annotating the ranked gene list to the mouse genome. GOrilla is based on 
the mHG statistics42,48,75.

Comparison of ranked lists: m2HG. To compare two ranked lists we compute the relative permutation of one 
against the other and then assess the significance of the size of the intersection of two prefixes of the lists by using 

GO term Description P-value* FDR q-value** Enrichment (N, B, n, b)***
GO:0044445 cytosolic part 3.36E-41 4.19E-38 4.74 (2589, 119, 372, 81)

GO:0032991 protein-containing complex 5.55E-40 3.46E-37 1.40 (2589, 1107, 994, 593)

GO:1990904 ribonucleoprotein complex 1.08E-31 4.49E-29 2.16 (2589, 323, 662, 178)

GO:0005634 nucleus 2.43E-31 7.59E-29 1.41 (2589, 922, 991, 498)

GO:0043232 intracellular non-membrane-bounded organelle 1.04E-25 2.58E-23 1.51 (2589, 597, 991, 345)

GO:0043228 non-membrane-bounded organelle 1.34E-25 2.79E-23 1.51 (2589, 602, 991, 347)

GO:0044391 ribosomal subunit 4.82E-24 8.59E-22 3.92 (2589, 110, 372, 62)

GO:0044428 nuclear part 2.5E-23 3.9E-21 1.43 (2589, 720, 992, 394)

GO:0005840 ribosome 1.87E-22 2.59E-20 3.83 (2589, 109, 372, 60)

GO:0005737 cytoplasm 9.86E-22 1.23E-19 1.25 (2589, 1339, 973, 629)

GO:0022625 cytosolic large ribosomal subunit 3.54E-21 4.01E-19 4.58 (2589, 43, 500, 38)

GO:0045202 synapse 1E-17 1.04E-15 2.54 (2589, 192, 456, 86)

GO:0022627 cytosolic small ribosomal subunit 4.33E-17 4.16E-15 5.72 (2589, 35, 362, 28)

GO:0005681 spliceosomal complex 1.39E-13 1.24E-11 2.12 (2589, 80, 975, 64)

GO:0097458 neuron part 1.42E-13 1.18E-11 1.60 (2589, 321, 840, 167)

Table 7.  Gene ontology by component of the differently expressed proteins in the HepG2 the normal liver 
extracted with electroporation mapped with GOrilla42. *‘P-value’ is the enrichment p-value computed according 
to the mHG or HG model. This p-value is not corrected for multiple testing of 731 GO terms. **‘FDR q-value’ 
is the correction of the above p-value for multiple testing using the Benjamini and Hochberg (1995) method. 
Namely, for the ith term (ranked according to p-value) the FDR q-value is (p-value * a number of GO terms)/i. 
***Enrichment (N, B, n, b) is defined as follows: N - is the total number of genes. B - is the total number of 
genes associated with a specific GO term. n - is the number of genes in the top of the user’s input list or in the 
target set when appropriate. b - is the number of genes in the intersection. Enrichment = (b/n)/(B/N).

https://doi.org/10.1038/s41598-019-51634-7


1 1Scientific Reports |         (2019) 9:15750  | https://doi.org/10.1038/s41598-019-51634-7

www.nature.com/scientificreportswww.nature.com/scientificreports/

a hypergeometric model. The results are corrected for multiple testing. For details and implementations see liter-
ature that describes the methodology46–48.

Distribution fits and comparative statistical analysis of molecular properties was performed using R-studio 
for Windows. Differential expression p-values were calculated using one-sided Student t-test using R as well as 
Matlab and Python implementations.

Data availability
The authors declare that all data supporting the findings of this study are available within the paper and its 
Supplementary Information.
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