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Abstract
CCL2 is an inflammatory mediator that is released by tumor cells to activate and direct
immune cell species, especially macrophages, to inflammatory sites within the body. The goal of
this project was to successfully generate knockout the CCL2 ligand gene using a CRISPR/Cas9
complex delivered via lipid mediated transfection. The sgRNA and Cas9 mRNA were introduced
into the cells via lipid-mediated transfection. The cells were incubated for 4 days, before being
analyzed using PCR and gel electrophoresis. We expected to see one band on the first gel and two
bands on the second gel. Two bands appeared on the first gel and 2 bands appeared on the second
gel. This indicates that the target sequence was amplified, but the transfection efficiency was too
low for the enzyme to detect cleavage. We conclude that lipid mediated transfection is an efficient
method for introducing foreign genetic material into CT-26 cells.
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Introduction
Colorectal cancer is the third most commonly diagnosed cancer and the third leading cause
of cancer related deaths in both men and women in the United States1. Colorectal tumors develop
from growths of epithelial colon cells, called polyps, that spontaneously undergo genetic
modifications to become carcinomas. These genetic modifications promote proliferation and
inhibit apoptosis within the polyp. For tumor progression, it is necessary that the
microenvironment promote inflammation and have infiltrative properties2. Treatment for
colorectal cancer depends on the stage. In Stage 0 and Stage I, cancerous cells have not grown
outside the colon wall. The cells are surgically removed, and the patient typically does not need to
undergo chemotherapy. For more advanced stages, II-IV, the cells have grown outside of the
treatment wall and metastasized to other regions of the body. Treatment includes chemotherapy to
shrink tumors around the body. Shrunken tumors are then removed surgically, and more
chemotherapy is performed3.
The downfall of conventional methods of treatment is that they are nonspecific, which then
results in system toxicity, insufficient drug concentration in tumor cells and the development of
tumor cells are that drug resistant4. Chemotherapy drugs inhibit various stages of the cell cycle to
stop cell division and induce apoptosis. In the process, both cancerous and normal cells are killed.
To prevent healthy cells from being affected, new cancer therapies are being developed that are
specific to cancer cells. This method of targeted therapy employs chemical compounds that inhibit
proliferation and metastasis by suppressing specific proteins involved in tumorigenesis5. Side
effects due to off-target delivery are also minimized, which increases the overall effectiveness4.
The class of targeted therapy we are interested in is monoclonal antibody therapy. Monoclonal
antibodies (mABs) can disrupt cancer cells in three ways: inhibiting protein function and
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downstream

signaling,

antibody-dependent

cytotoxicity,

and

complement-dependent

cytotoxicity5.
Tumors often contain a mixture of fibroblasts, epithelial, and immune cells. Macrophages
are the most abundant immune cell present in the microenvironment and are called tumorassociated macrophages (TAMs) when they infiltrate the tumor mass. There are two types of
macrophages: M1 and M2. The M1 phenotype is anti-tumor and pro-inflammatory; it mediates the
destruction of cancerous tissue. In contrast, the M2 phenotype is pro-tumor and anti-inflammatory.
They work on both the tumor microenvironment and tumor cells to promote cell proliferation and
genetic instability, invasion of tumor cells into the surrounding tissue, forming fibrous tissue
deposits, and angiogenesis6. They also produce growth factors and chemical signals, called
chemokines, to strengthen the inflammatory response2.
Chemokines (CKs) are inflammatory mediators that are released by a variety of cells, such
as endothelial and epithelial, to activate and direct more immune cell species to inflammatory sites
within the body. When CKs are secreted by cells, they travel through the body to other tissues,
such as the brain, blood, and colon, that are expressing the receptor protein on the surface of those
tissues. Ligand binding induces G-protein coupled signal transduction pathways that induce
chemotaxis of monocytes7. Chemokine C-C motif ligand 2 (CCL2) is one of the five members of
the monocyte chemoattractant protein (MCP) family. Though other members of the MCP family
are able to signal through the chemokine C-C motif receptor 2 (CCR2) protein, CCL2 has the
highest potency when activating the signaling pathways to induce cells of the monocyte lineage to
the site of inflammation, especially TAMs8. CCL2 is shown to be involved in both early and late
steps in metastasis. Initially, CCL2 guides cancer cell migration when it interacts with the CCR2
receptor. Binding initiates a signaling cascade to express metalloproteinases and induce
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intravasation of cancer cells into the circulation. Extravasation from the circulation occurs when
the cancer cells interact with TAMs, which are highly influenced by CCL2. Later in metastasis,
CCL2 preferentially attracts cancer cells, stimulates their proliferation and enhances their
survival7.
The effects of CCL2 can be prevented by setting up a monoclonal antibody blockade, in
which the anti-CCL2 antibody binds to the CCL2 ligand and prevents it from binding to the CCR2
receptor. However, antibodies are not as specific as was once believed and are able to interact with
other antigens9. In order to study the effects of adding an antibody when its preferred ligand is not
present is to generate a knockout of the ligand gene, add in the antibody, and see if any
promiscuous binding occurs. The ligand gene we eliminated was the CCL2 gene in a CT-26 cell
line, which is a mouse colon carcinoma fibroblast.
To generate a knockout of the CCL2 gene in CT-26 cells, a prokaryotic genomic editing
system was used and delivered via lipid mediated transfection. Clustered Regularly Interspersed
Short Palindromic Repeat (CRISPR) is a section of DNA that includes repeating nucleotide
sequences and spacers between the repeating sequences. The CRISPR system originated in
bacteria and archaea as an RNA-based bacterial adaptive immune system used to modify DNA. It
combines a CRISPR-associated protein 9 (Cas9) with a CRISPR RNA (crRNA) and a
transactivating crRNA (tracrRNA). The two RNA structures combine to form a single-guide RNA
(sgRNA) that attracts the Cas9 protein to the protospacer adjacent motif (PAM) sequence at the
beginning of the cleavage site. The PAM sequence is where the sgRNA and target DNA pairing
occurs and helps mediate the double-stranded DNA cleavage10. When the sgRNA-DNA pairing
has occurred, the Cas9 protein can also bind to the complex and cause a double-stranded break
(DSB) to occur within the target DNA. The DNA is repaired via non-homologous end-joining

7
(NHEJ) by recognition of the DSB, bridging the ends of the DNA to promote stability and process
them, and direct ligation of the ends to repair the DSB11. Repairing DNA via NHEJ is more likely
to cause a frameshift mutation, either insertion or deletion, at the cleavage site. The creation of a
mutation is the goal of the Cas9 complex and the Cas9 protein will continue to make DSBs in the
DNA until a mutation occurs during repair10 (Fig 1).

Figure 1. Illustration of how the Cas9 complex causes DNA cleavage.

Since the Cas9 protein and sgRNAs are not natural to mammalian cells they must be
delivered into the cell. Cas9 can either be introduced as mRNA or as an already transcribed,
functional protein. Although both mRNA and protein require assistance getting through the cell
membrane, the protein is bulkier than the mRNA and often has low potential to penetrate the cell
membrane12. The protein is also in an unprotected state and would quickly be cleared by endosomal
proteases or neutralized by antibodies13. Transfecting mRNA is slightly easier and allows for the
Cas9 protein to be transiently expressed, which increases the time that the protein is transcribed
within the cell and minimizes the possibility of off-target genomic modifications since it is only
expressed for a short period of time14.
There are three methods in which foreign material can be delivered into a cell:
electroporation, viral delivery, and transfection15. Electroporation is the use of pulsatile highvoltage electrical currents to cause pores to form within the cell membrane. Cells are suspended
in a buffer solution containing the material that needs to enter the cell, while the electric current is
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applied the material can flow through the pores in the cell membrane. When the electric current
ceases, the pores close and the cell membrane repairs itself16. Although this method is useful for
moving large amounts of foreign material, it is not suitable for all cell types as it can cause stress
to the cells and cytotoxicity16,17. Viral delivery of foreign material can be via retrovirus, lentivirus,
adenovirus, or adeno-associated virus. They also are able to deliver large amounts of foreign
material into the cell at once and have high efficiency rates17. However, the virus can integrate into
the host genome and cause insertional mutagenesis18. There is also potential for the virus to cause
an immunogenic reaction within the cell17.
Genetic material can be transfected into the cell in multiple fashions, but the most common
form is lipid mediated transfection. Nucleic acids, such as Cas9 mRNA and sgRNA, are highly
anionic have difficulty passing through the hydrophobic region of the lipid bilayer16.
Lipofectamine reagents are cationic lipids that encapsulate the genetic material and guide it
through the cell membrane, while protecting them from degradation and escape13,16 (Fig 2).
Although the quantity that can be delivered via lipid mediated transfection is more limited than
other methods, there is less potential for immunogenic reactions, cytotoxicity, and cellular
disruption16.

Lipofectamine

mRNA

mRNA-Cationic
Lipid complex

Cationic lipid guides mRNA
through membrane

Figure 2. Schematic of lipid mediated transfection.

Cas9 protein is fully expressed
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Transfection efficiency is dependent on several factors, including the chemical properties
and mechanism of uptake of the lipid complex, the intracellular delivery route, and the type of cell
being transfected. The cell line we are working with, CT-26, is known to be difficult to transfect.
The uptake of foreign material into the cell happens more slowly in CT-26 cells due to an
overproduction of heavily glycosylated proteins, called mucins19. The mucins act as a physical
barrier and have a tendency to bind to cationic complexes to induce aggregate formation. The
aggregates cause the complexes to have difficulty moving through the cytoplasm and entering the
nucleus. As well as, being easily shunted into endo-lysosomal pathways for degradation19.
To minimize the limitations of CT-26 cells, the medium used to culture the cells did not
contain any serum or antibiotics. Certain serum proteins can inhibit the formation of the RNAlipid complexes and reduce the amount of RNA that enters the cell20. Serum starvation also
synchronizes cells to the G0 phase and ensures that the progress through the cell cycle at the
same rate21. Antibiotics were eliminated from the medium as well as they are known to lower the
transfection efficiency. Removing antibiotics also prevent the cells from becoming cytotoxic due
to the increased permeability of the cell membrane to foreign material20,22.

Materials and Methods
Cell Culture
The CT-26 cell line should be cultured in serum free medium and cultured without
antibiotics to increase the transfection efficiency. Cells should be fed every 3 days and passaged
when they are about 70% confluent to maintain a healthy population. When the 6-well plate is
ready to be prepared, the cells should be counted and seeded to a density of 100,000 cells per well

10
with 2 mL of media per well. Incubate the cells at 37 °C and 5% CO2. The well plate will be ready
to use when the cells are approximately 60% confluent.

Preparation of Stock sgRNA Solution
Remove the tube of concentrated sgRNA from the freezer and bring to room temperature.
Centrifuge the tube at 4,000 RCF for 5 minutes. Add 30 µL of 1 TE buffer to create a 100 µM
stock solution, this is equal to 1.3 mg/mL. Vortex the tube to resuspend the gRNA and centrifuge
the tube for 1 minute at 4,000 RCF. Incubate the tube at room temperature for 30 minutes to allow
the sgRNA to dissolve. Use the vortex to thoroughly mix the solution and centrifuge again for 1
minute at 4,000 RCF.

Transfection of CT-26 Cells
In a sterile cell culture fume hood, take out two small centrifuge tubes. Tube 1 will consist
of the Cas9 mRNA/sgRNA solution. The reagents must be added exactly in the order described:
125 µL of Opti-MEM I medium, 2.5 Cas9 µL mRNA nuclease, 1.25 µL sgRNA, and 12.5 µL Cas9
Plus reagent. Remove the tube from the hood and vortex to thoroughly mix. In Tube 2, add 125
µL Opti-MEM I medium and 7.5 µL Lipofectamine CRISPRMAX reagent. Pipette the contents
of Tube 1 into Tube 2, vortex the solution to mix. Incubate the transfection reagent for 15 minutes
at room temperature and add 250 µL of transfection reagent to each well. If the bottom of the well
is not completely covered, add more Opti-MEM I medium until it is. Incubate the cells at 37 °C
and 5% CO2 for 4 days.
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Harvesting and Lysing Transfected Cells
Remove 6-well plate from the incubator. Remove media and wash with 500 µL of PBS.
Add 1 mL of trypsin and incubate at 37 °C and 5% CO2 for five minutes. Check the cells under
the microscope to ensure that they are detached from the bottom of the well. Add 1 mL of OptiMEM I medium and transfer the contents to a centrifuge tube. Centrifuge the cells at 200g for 5
minutes at 4 °C. Remove the supernatant. In a separate tube, mix 288 µL cell lysis buffer with 12
µL of the protein degrader. Add 50 µL of the cell lysis/protein degrader solution to the pellet and
resuspend. The remaining cell lysis/protein degrader solution can be stored at -20 °C. Transfer all
the resuspended pellet into a PCR tube and run the program (Table 1) in a thermal cycler.
Table 1. Cell lysis thermal cycler program.

Temperature
68 C
95 C
4C

Time
15 minutes
10 minutes
Hold

PCR Primer Design
The PCR primers were designed based on the following guidelines from the genomic
cleavage detection kit. Primers must be between 18 and 22 bp long, contain 45-60% guaninecytosine (GC) content, yield amplicons between 400-500 bp long, and have melting temperature
™ greater than 55 ºC. The target sequence cannot be in the middle of the amplicon, to ensure that
two distinct bands would form. Online software from Primer3Plus was used to design the PCR
primers. We tested two primers. For the first primer (Fig 3A) the forward primer sequence is
cccactcacctgctgctact (20 bp, Tm 60.5, GC 60%) and the reverse primer sequence is
aaaatggatccacaccttgc (20 bp, Tm 59.8, GC 45%). With this primer, the total amplicon length is
470 base pairs (bp) and after cleavage detection we expect two bands of lengths of approximately
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40 and 430. The forward primer sequence for the second primer (Fig 3b) is cccactcacctgctgctact
(20 bp, Tm 60.5, GC 60%) and the reverse primer sequence is atggatccacaccttgcatt (20 bp, Tm
60.2, GC 45%). With the second primer we expect a total amplicon size of 473 bp and after
cleavage detection the two bands should be approximately 41 bp and 434 bp. The location of the
primers in relation to the target sequence is shown below (Fig 3).
B

A

Figure 3. Gene sequence for CCL2 and locations of the primers in relation to the target sequence (A) primer 1 and
(B) primer 2.

DNA Amplification via PCR
After the program is completed, vortex the cell lysate. In a new PCR tube add the reagents
in the order as listed: 2 µL cell lysate, 10 µL SYBR Green dye, 1 µL 10 µM Forward/Reverse
primer mix, 25 µL AmpliTaq Gold360 Master Mix, and 12 µL water as provided by the kit. The
total volume in the PCR tube will be 50 µL. The PCR reaction will be performed as specified in
Table 2.
Table 2. PCR description for amplification of the target DNA sequence.

Stage
Enzyme Activation
Denature
Anneal
Extend
Final Extension
Hold

Temperature
95 C
95 C
57 C
72 C
72 C
4C

Time
10 minutes
30 seconds
30 seconds
30 seconds
7 minutes
Hold

Cycles
1X
40 X

1X
1X
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Verification of the PCR Product
Remove an agarose gel tray from the package and place in the E-Gel iBase Power System.
Load one well with 20 µL with a 1 kB DNA ladder. In a PCR tube combine 3 µL of the PCR
product with 7 µL loading buffer and 10 µL water. Vortex to mix and load the entire sample onto
the gel. Run the gel for 30 minutes. View the product with a UV transilluminator. It is expected
that one band that is approximately 470 bp long is seen.

Denaturing and Re-annealing of DNA
The PCR product will be denatured, and fragments are re-annealed with and without indels
to form heterogeneous DNA duplexes. In a new PCR tube, combine 2 µL of the PCR product with
1 µL Detection Reaction Buffer. Add 6 µL of water and briefly centrifuge to eliminate bubbles.
The reannealing reaction will take place as described in Table 3.
Table 3. PCR description for denaturing and re-annealing of amplicons to form heterogeneous DNA duplexes.

Stage
1
2
3
4

Temperature
95 C
95-85 C
85-25 C
4C

Time
5 minutes
-

Temp/Time
-2 C/sec
-0.1 C/sec
Hold

Enzyme Digestion
The detection enzyme identifies the heterogenous DNA duplexes that are formed during
the re-annealing process and cleaves that ones that contain indels. If there are no indels, then the
detection enzyme will not cleave the DNA. Add 1 µL of the detection enzyme to the tube and
incubate at 37 ºC and 5% CO2 for one hour. After incubating, vortex the solution and briefly
centrifuge at 4,000 RCF for one minute.
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Figure 4. Schematic describing how the cleavage detection enzyme cleaves DNA. After the DNA has been denatured
and re-annealed, the DNA forms heterogeneous duplexes (mismatches). The enzyme detects the mismatches and
cleaves the DNA.

Cleavage Detection Analysis
Dilute the sample with 10 µL water. Obtain a new agarose gel tray and place in the E-Gel
iBase Power tray. In one well, add 10 µL of 1 kB DNA ladder. Add all 20 µL of the sample to a
separate well. Run the gel for 30 minutes and view under a UV transilluminator. It is expected that
two distinct bands will be seen on the gel as described in the PCR primer design section.

Results
Verification of PCR Amplification

Figure 5. Gel electrophoresis image verifying the size of the PCR amplicons.
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Figure 5 shows the results of the PCR amplification of the gene sequence. From this
reaction it was expected that a single distinct band of approximately 470 bp would be seen, the
expected value is shown by the black arrow in the figure. Lane 5 contained the 50 bp DNA marker.
Lane 6 is color coded green and contained primer one, which showed two faint bands of
approximately 375 and 80 base pairs long. Lane 7 is color coded purple and contained primer two,
which showed two bands of approximately 450 and 100 base pairs long. It is unclear exactly what
caused additional bands to appear, but there are several possibilities.
First possibility is that the program used to design the PCR primers did not search any
genetic databases to check that the primer sequence was unique to the intended target sequence.
There could have been other sequences on a different gene that could have been similar enough to
the intended target and caused binding to occur23. The second possibility is that the GC content of
the forward sequences was too high. If the GC content is too high, the primer may bind nonspecifically to other sections of DNA. It is suggested that the optimal GC content percentage
should be as close to 45% as possible. Both forward primers had GC contents of 60%, which was
the maximum value as stated by the guidelines in the genomic cleavage detection kit. The third
possibility is that the ramping speed of the thermal cycler was too slow and caused non-specific
band formation. When the ramping speed is too slow, it allows more time for spontaneous
annealing and binding to occur24.
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Cleavage Detection Enzyme Analysis

Figure 6. Gel electrophoresis image of PCR amplicons after the cleavage detection enzyme has been applied to the samples.

Figure 6 shows the number of bands after the detection enzyme was applied to the
amplified DNA. It was expected that two distinct bands of approximately 30 and 440 bp would be
seen. Lane 5 contains the 50 bp DNA ladder. Lane 6 is color coded green and contained primer
one. Lane 7 is color coded purple and contained primer 2. For both lane 6 and 7 the bands are in
the same positions as they were before the cleavage detection enzyme was added and appear to be
fainter. This indicates that no cleavage occurred.
If a frameshift mutation had occurred from the CRISPR/Cas9 complex, the enzyme would
have cleaved the DNA. Not obtaining the two expected bands is shows that the CRISPR/Cas9
complex was unable to reach the nucleus and make incisions in the DNA to induce a CCL2 gene
knockout25. This is most likely due to mucin overproduction within CT-26 cells that caused lipid
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aggregation and prevented the CRISPR complex from reaching the nucleus. Mucins tend to
gravitate towards the surface of the cell, so when the lipid complexes attempt to enter the cell they
immediately come into contact with the mucins. The mucins cause aggregation and the aggregates
are then shunted into endosomal pathways to be removed from the cells as waste products. The
mRNA and sgRNA associated with the lipofectamine is also shunted into the pathway19. Even if
there was a small amount of the CRISPR complex that made it to the nucleus to induce a knockout,
it would not be sufficient enough for two distinct bands to appear.

Discussion
Conclusions
We have shown that lipid mediated transfection is an inefficient method in which to
transfect a CRISPR/Cas9 complex to induce a gene knockout. A more efficient method for
transfecting CT-26 cells needs to be found before the effects of unknown antibodies can be
determined. Since CT-26 cells are known to have an overproduction of mucins that cause lipid
aggregate formation, it would be better to use an electroporator to move the genetic material inside
of the cell. An electroporator machine uses pulsatile high-voltage electrical currents to cause pores
to form within the cell membrane while the cells are suspended in a buffer solution that contains
the genetic material that needs to be transfected into the cell16. This cell line tends to be hardier
than other cells and would most likely be able to withstand the harsh conditions of the
electroporator19.
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Future Directions
However, electroporation machines are expensive to buy and maintain. A more costeffective method would be to abandon the CT-26 cells in favor of an easier to transfect cell line.
A cell line that is known to be easy to transfect is the SK-BR3, which is a human breast
adenocarcinoma cell line. The SK-BR3 cells do not over produce mucins, so the rate of
internalization of the transfected material is much higher than that of the CT-26 cells19.
Transfection is never one hundred percent efficient. There will always be some cells that
remain non-transfected within the well-plate. When a method of transfection has been established
and upon verification shows that at least 60% of the cells do not have the CCL2 gene, it can then
be considered successful. The knockout cells will need to be separated from the wild type cells.
This should be done using flow cytometry without fluorescence. The addition of fluorescent dyes
is also not completely efficient, and it is likely that the dye could tag a wild type cell. The exact
methods of how to sort for the transfected cells will need to be determined after a successful
knockout is generated.

Acknowledgements
This work was supported by the Arkansas Biosciences Institute. Any opinions, findings,
and conclusions or recommendations expressed in this material are those of the authors and do
not necessarily reflect the views of the funding agency.

19
References
1. American Cancer Society [Internet]. American Cancer Society, Inc; 2018. Key Statistics
for Colorectal Cancer; 2018 [updated 2019 Jan 24; cited 2019 Feb 28]. Available from:
https://www.cancer.org/cancer/colon-rectal-cancer/about/key-statistics.html.
2. De La Fuente López M, Landskron G, Parada D, Dubois-Camacho K, Simian D,
Martinez M, et al. The relationship between chemokines CCL2, CCL3, CCL4, with the
tumor microenvironment and tumor-associated macrophage markers in colorectal cancer.
Tumor Bio. 2018 Nov 12 [cited 2019 Feb 28]; 40(11): 1-12. Available from:
https://journals.sagepub.com/doi/full/10.1177/1010428318810059 doi:
https://doi.org/10.1177/1010428318810059
3. American Cancer Society [Internet]. American Cancer Society, Inc; 2018. Treatment of
Colon Cancer, by Stage; 2018 [updated 2018 Oct 19; cited 2019 Feb 28]. Available from:
https://www.cancer.org/cancer/colon-rectal-cancer/treating/by-stage-colon.html
4. Padma, V. An overview of targeted cancer therapy. Biomedicine (Taipei). 2015 [cited
2019 Mar 27]; 5(4): 1-6. Available from:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4662664/pdf/40681_2015_Article_19.pd
f doi: 10.7603/s40681-015-0019-4
5. Baudino T. Targeted Cancer Therapy: The Next Generation of Cancer Treatment. Curr
Drug Discov Tech. 2015 [cited 2019 Feb 28]; 12(1): 3-20. Available from:
http://www.eurekaselect.com/131876/article doi: 10.2174/1570163812666150602144310
6. Mantovani A, Marchesi F, Malesci A, Laghi L, Allavena P. Tumor-Associated
Macrophages as Treatment Targets in Oncology. Nat Rev Clin Oncol. 2017 July [cited
2019 Feb 27]; 14(7): 399-416. Available from:

20
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5480600/pdf/emss-72551.pdf
doi:10.1038/nrclinonc.2016.217.
7. Lim S, Yuzhalin A, Gordon-Weeks A, Muschel R. Targeting the CCL2-CCR2 signaling
axis in cancer metastasis. Oncotarget. 2016 Feb 14 [cited 2019 Feb 28]; 7(19): 2869728710. Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5053756/ doi:
10.18632/oncotarget.7376
8. Semple B, Kossmann T, Morganti-Kossmann M. Role of Chemokines in CNS health and
pathology: a focus on the CCL2/CCR2 and CXCL8/CXCR2 networks. J Cerebral Blood
Flow & Metab. 2009 Nov 11 [cited 2019 Feb 28]; 30: 459-473. Available from:
https://journals.sagepub.com/doi/10.1038/jcbfm.2009.240 doi:
https://doi.org/10.1038/jcbfm.2009.240
9. Jain D, Salunke D. Antibody specificity and promiscuity. Biochem J. 2019 Feb 5 [cited
2019 Feb 28]; 476: 433-447. Available from:
http://www.biochemj.org/content/ppbiochemj/476/3/433.full.pdf doi:
https://doi.org/10.1042/BCJ20180670
10. Doetschman T, Georgieva T. Gene Editing with CRISPR/Cas9 RNA-Directed Nuclease.
Circ Res. 2017 Feb 6 [cited 2019 Mar 30]; 120: 876-894. Available from:
https://www.ahajournals.org/doi/pdf/10.1161/CIRCRESAHA.116.309727 doi: 10.1161/
CIRCRESAHA.116.309727.
11. Davis A, Chen D. DNA double strand break repair via non-homologous end-joining.
Transl Cancer Res. 2013 June [cited 2019 Mar 30]; 2(3): 130-143. Available from:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3758668/pdf/nihms499238.pdf
doi:10.3978/j.issn.2218-676X.2013.04.02.

21
12. Bulkescher R, Starkuviene V, Erfle H. Solid-phase reverse transfection for intracellular
delivery of functionally active proteins. Genome Res. 2017 [cited 2019 Mar 30]; 27:
1752-1758. Available from:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5630038/pdf/1752.pdf
13. Zuris J, Thompson D, Shu Y, Guilinger J, Bessen J, et al. Cationic lipid-mediated
delivery of proteins enables efficient protein-based genome editing in vitro and in vivo.
Nature Biotech. 2015 Jan [cited 2019 Mar 30]; 33(1): 73-80. Available from: https://0search-proquestcom.library.uark.edu/docview/1644157579/D237B679AD9A4C97PQ/33?accountid=836
1 doi:10.1038/nbt.3081
14. Miller J, Zhang S, Kos P, Xiong H, Zhou K, Perelman S, et al. Non-viral CRISPR/Cas9
gene editing in vitro and in vivo enabled by synthetic nanoparticle co-delivery of Cas9
mRNA and sgRNA. Angew Chem Int Ed Engl. 2017 Jan 19 [cited 2019 Mar 30]; 56(4):
1059-1063. Available from:

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5521011/pdf/nihms846240.pdf
doi:10.1002/anie.201610209
15. Waxmonsky N. CRISPR 101: Mammalian Expression Systems and Delivery Methods
[Internet]. Addgene. 2015 Sept 24 [cited 2019 Mar 30]. Available from:
https://blog.addgene.org/crispr-101-mammalian-expression-systems-and-deliverymethods
16. Lino C, Harper J, Carney J, Timlin J. Delivering CRISPR: a review of the challenges and
approaches. Drug Delivery. 2018 May 7 [cited 2019 Mar 30]; 25(1): 1234-1257.
Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6058482/pdf/idrd-251474964.pdf doi: https://doi.org/10.1080/10717544.2018.1474964

22
17. He Z, Men K, Qin Z, Yang Y, Xu T, Wei Y. Non-viral and viral delivery systems for
CRISPR-Cas9 technology in the biomedical field. Sci China Life Sci. 2017 May [cited
2019 Mar 30]; 60(5): 458-467. Available from: https://0-search-proquestcom.library.uark.edu/docview/1904732792/57878A86D54C47ADPQ/3?accountid=8361
doi:10.1007/s11427-017-9033-0
18. Steyer B, Carlson-Stevermer J, Angenent-Mari N, Khalil A, Harkness T, Saha K. High
content analysis platform for optimization of lipid mediated CRISPR-Cas9 delivery
strategies in human cells. Acta Biomater. 2016 Apr 1 [cited 2019 Mar 31]; 34: 143-158.
Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4961091/pdf/nihms750444.pdf doi:10.1016/j.actbio.2015.12.036.
19. Figueroa E, Bugga P, Asthana V, Chen A, Yan J, Evans E, Drezek R. A mechanistic
investigation exploring the differential transfection efficiencies between the easy-totransfect SK-BR3 and difficult-to-transfect CT26 cell lines. J Nanobiotechnol. 2017
[cited 2019 Mar 31]; 15(36): 1-15. Available from:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5414217/pdf/12951_2017_Article_271.p
df doi: 10.1186/s12951-017-0271-8
20. ThermoFisher Scientific [Internet]. ThermoFisher Scientific, Inc; 2018. Factors
Influencing Transfection Efficiency; 2018 [cited 2019 Mar 31]. Available from:
https://www.thermofisher.com/us/en/home/references/gibco-cell-culturebasics/transfection-basics/factors-influencing-transfection-efficiency.html
21. Kues W, Anger M, Carnwath J, Paul D, Motlik J, Niemann. Cell Cycle Synchronization
of Porcine Fetal Fibroblasts: Effects of Serum Deprivation and Reversible Cell Cycle
Inhibitors. Biol of Reproduction. 2000 Feb 1 [cited 2019 Mar 31]; 62(2): 412-419.

23
Available from: https://academic.oup.com/biolreprod/article/62/2/412/2734719 doi:
https://doi.org/10.1095/biolreprod62.2.412
22. Rashidi M, Ziai S, Zanjani T, Khalilnezhad A, Jamshidi H, Amani D. Umbelliprenin is
Potentially Toxic Against the HT29, CT26, MCF-7, 4T1, A172, and GL26 Cell Lines,
Potentially Harmful against Bone-Marrowed Derived Stem Cells, and Non-Toxic Against
Peripheral Blood Mononuclear Cells. Iran Red Crescent Med J. 2016 July [cited 2019
Mar 31]; 18(7): e35167. Available from:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5027671/pdf/ircmj-18-07-35167.pdf doi:
10.5812/ircmj.35167
23. Bernstein M. PCR Troubleshooting- Part 1 “No Bands” [Internet]. Midwest Scientific.
[cited 2019 April 16]. Available from:
https://www.fws.gov/aah/PDF/PCRTS1_NoBand.pdf
24. BIO-RAD [Internet]. Bio-Rad Laboratories, Inc; 2018. PCR Troubleshooting; 2018 [cited
2019 April 16]. Available from: http://www.bio-rad.com/en-us/applicationstechnologies/pcr-troubleshooting?ID=LUSO3HC4S#gel2
25. Life Technologies Corporation. GeneArt® Genomic Cleavage Detection Kit. 2014 [cited
2019 April 16]. Available from: https://www.thermofisher.com/documentconnect/documentconnect.html?url=https%3A%2F%2Fassets.thermofisher.com%2FTFSAssets%2FLSG%2Fmanuals%2FA24372_GeneArt_GenomicCleavage_Detect_Kit_man.
pdf&title=R2VuZUFydCZyZWc7IEdlbm9taWMgQ2xlYXZhZ2UgRGV0ZWN0aW9uIE
tpdCAtIFVzZXIgR3VpZGU=

