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Abstract

FOXP2 is crucial for neurodevelopment in humans. Altered FOXP2 expression in cells has been found
to affect language and speech development. In recent years, bats such as Phyllostomus discolor are
emerging as models for the study of the neurogenetics of vocal communication. We seek to develop a
FoxP2 knockout bat to shed light on biological and evolutionary mechanisms of FoxP2 in vocal
production learning. This study aimed to verify the efficacy of chosen guide RNA to lead Cas9 to cleave
in the correct position in the FoxP2/FOXP2 sequence in bat and human DNA. Chosen guides
successfully drove Cas9 cleavage in the correct positions in both species’ DNA. The success of this
protocol provides support for further study in vitro, hopefully leading to the successful execution of a
CRISPR-Cas9-directed knockout of bat FoxP2 in vivo.

1 BACKGROUND

FOXP2 and vocal learning

Vocal production learning refers to learning sounds and modifying vocalisations in accordance with
experiences with vocalisation of other individuals (Janik and Kndrnschild 2021). Vocal learning has
been observed in seals, elephants, whales, and some species of ape, bird, and bat (Vernes et al. 2022).
The association of the FOXP2 protein with vocal learning in humans was famously observed by Dr. Lai
at the University of Oxford in 2001 (Lai et al 2001).
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Fig I: pedigree of KE family. Squares represent males, circles represent females. Shading denotes individuals
who carry the monoallelic autosomal dominant R5S33H mutation in the FOXP2 gene. Diagonal lines denote

deceased individuals. Asterisks denote individuals who were unable for linkage analysis (figure from Lai et al,
2001).

The affected members of the KE family (see figure 1) presented with a lack of coordination of orofacial
muscles, a limited vocabulary and difficulties with speech comprehension (MacDermot et al. 2005, Feuk
et al. 2006, Reuter et al. 2017). The KE family carried a monoallelic autosomal dominant point mutation
in the forkhead box region of FOXP2, which codes for the DNA binding region of FOXP2 (Lai et al
2001). An altered sequence often leads to loss of function because the sequence’s transcribed mRNA
strands are identified as faulty by the cell and digested via nonsense-mediated decay (wherein the faulty
strand in tagged with ubiquitin, which is then identified and bound to by a digestion enzyme). However,
FOXP?2 is a transcription factor, and its function hinges on its ability to bind to DNA, hence a mutation
in its DNA-binding region silences its expression whether the cell tags its transcriptions with ubiquitin
or not. Since Lai’s original report, focus on FOXP2’s molecular mechanisms have revealed a multitude
of downstream effects key for neurodevelopment and signalling, including neuronal migration, neuronal
connectivity, microtubule dynamics, and pre-/post-synaptic inhibitory and excitatory currents (den Hoed
et al. 2021).



FOXP2’s significance in vocal production learning lends itself to the importance of making use of in
vivo models to investigate FOXP2’s function across the gene—behaviour axis (Gorden, Amini and White
2013). Currently, the most commonly utilised mammalian model for Foxp2 manipulation is Mus
musculus (mice), while FOXP2’s role in vocal production learning is most commonly modelled on
Taeniopygia castanotis (zebra finches). Foxp2 knockout mice have shown decreased neurite outgrowth,
altered GABA-mediated (Gamma-aminobutyric acid: an inhibitory neurotransmitter) inhibition and
excitation, decreased motor learning ability, and some altered context-dependent vocalisation. (French
et al. 2012, Fujita et al. 2008, Druart 2020, Chen et al. 2016, van Rhijn et al. 2018, Ahmed et al. 2024).
FoxP2 knockout zebra finches likewise exhibit decreased neurite outgrowth, and have additionally
shown decreased birdsong learning ability, altered inhibitory and excitatory signalling in dopaminergic
pathways (which are involved in birdsong production in zebra finches), and significantly altered context-
dependence vocalisation. (Haesler et al. 2007, Burkett et al. 2018a, Murugan et al. 2013, Schultz et al.
2010).

Bats, like humans, are both mammals and vocal production learners. Studying the mechanisms of FoxP2
in bats and comparing results with findings from other animal models, and from human patients, may
hence provide unique and valuable insight into FoxP2 and its downstream effects.

FoxP2 knockout in Phyllostomus discolor

Attempts to generate a Phyllostomus discolor (P. discolor) knockout of FoxP2, though commonly
showing promise in vitro, have thus far been unsuccessful in inducing a knockout in vivo. (J. Mengede
2021, unpublished data; Groot 2026). Initial attempts to knockdown FoxP2 expression with RNAi did
not significantly change intracellular FoxP2 levels. (J. Mengede 2021, unpublished data; Groot 2026).
Attempts to induce nonsense-mediated decay of FoxP2 translations by CRISPR-SaCas9 (Groot 2026)
equally did not significantly lower FoxP2 expression in vivo.

FOXP?2 is one of four genes in the FOXP family, which is in turn part of the wider FOX family — “FOX”
referring to the forkhead box, which is widely conserved in FOX genes. (Weigel & Jackle 1990,
Hannenhalli & Kaestner 2009). FOXP genes typically contain a Q-rich region, the leucine zipper and
zinc finger, and the forkhead box coding for the DNA binding domain. (Wang et al. 2003).
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Fig 2: The structure of FOXP family genes (figure from den Hoed et al. 2021). The leucine zipper (LZ), zinc
finger (ZF) and forkhead box (FOX) are highly conserved in all four genes, and the Q-rich region appears in all
genes but FOXP3. Of the four, FOXP3 diverts most in terms of its structure and function. FOXP1, FOXP2, and

FOXP4 are over 90 % homologous in structure.

FOXP proteins have a highly conserved structure, with FOXP1, FOXP2, and FOXP4 being over 90 %
homologous at the amino acid level. The highest degree of conservation is in the forkhead box region.
(Weigel & Jackle 1990; Hannenhalli & Kaestner 2009).

FoxP2 is a transcription factor, and any mutation induced in its forkhead box region, which codes for
the DNA binding domain of the FoxP2 protein, would silence the expression of its translations, without
needing to rely on nonsense-mediated decay (den Hoed et al. 2021).While targeting the forkhead box



would present a greater risk of Cas9 being guided to bind to a forkhead box sight on a different FOXP
gene (referred to as ‘offsite binding’), the lack of success experienced when relying on nonsense-
mediated decay instead suggests it as a possible solution.

Phyllostomus discolor

Bats have been identified as potential mammalian models of vocal production learning. Notably, vocal
production learning has been observed in juvenile Egyptian fruit bats (Rousettus aegyptiacus), juvenile
male sac-winged bats (Saccopteryx billineata), greater spear-nosed bats (Phyllostomus hastatus), and
pale spear-nosed bats (Phyllostomus discolor) (Taub, Prat and Yovel 2014, Knornschild et al. 2010,
Boughman 1998, Vernes et al. 2022). In particular, isolation calls (used in parent-offspring identification)
of hand-reared juvenile pale spear-nosed bats were found to undergo adjustment per external acoustic
reference provided by a computer playback in the absence of conspecific vocalisations (Esser 1994),
and vocalisation patterns of P. discolor individuals deafened from an early age showed similar patterns
as observed in deaf children, including a lower range of receptive vocabulary (Merchan et al. 2022).
Further, pale spear-nosed bats have been observed to be able to modify the contents of their social calls
in adulthood, providing evidence for the persistence of vocal production learning throughout their
lifetimes. (Lattenkamp et al. 2018, 2020)

Beyond vocal production learning and possession of mammalian brain structures, P. discolor gregarious
nature and capacity to thrive in captive colonies make them appropriate candidates for the study of the
neurogenetic underpinnings of vocal learning. (Vernes et al. 2022).

A viable FoxP2 knockout of a mammalian vocal production learner would allow comparison with other
mammals and vocal learners to shed light on biological and evolutionary mechanisms governing the
role of FoxP2 in vocal production learning, with potential applications in human education and
healthcare.

Aims

Our aim is to aid the knockout of FoxP2 in Phyllostomus discolor in hopes of generating a transgenic
model that could be studied to aid understanding of the gene—morphology—behaviour integration of
FoxP2’s function.

2 METHODOLOGY

2.1 TECHNOLOGIES

We performed a DNA digest analysis of Cas9 cleavage (see figure 3) of FoxP2 in PCR amplicons (see
figure 4) of DNA taken from two bat individuals (Doris and an unnamed Dead Juvenile (DJ)), and of
FOXP2 in PCR amplicons of DNA taken from human embryonic kidney (HEK) cells.
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Fig 3: Cas9 is guided to a gene of interest by guide RNA. (figure from “Addgene: CRISPR Guide.” 2014).The




conserved part of guide RNA (dark blue/black box) binds to Cas9, while its variable section (red box) is an
antisense strand compatible with the gene of interest. Cas9 cleaves three base pairs upstream from the
Protospacer Adjacent Motif (PAM). Sitting downstream from the gene of interest, PAM is a short, conserved
sequence crucial, in archaea and bacteria, for identifying non-self DNA.
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Fig 4: (figure from https://microbenotes.com/pcr-principle-enzymes-steps-types-uses/, Dahal 2025). PCR
amplification is semi-conservative. Additional copies of DNA are created by separating the parent strands of
double-stranded DNA and making up the antisense strand to each of them, using the parent as a template. Hence,
one DNA double-helix is split into two, each represented by one parent strand. In this way, every consecutive
cycle results in the doubling of the total number of DNA copies.

Guide RNA has been chosen from the guides designed as part of the original CRISPR-Cas9 study
(figure 5, from Groot 2026). The guides chosen (guide 7 and guide 8) sit near or in the forkhead box to
enable cleavage in this region. When choosing guides, the factors that ensure a successful knockout
must be considered. The success of CRISPR-Cas9-driven gene knockout relies on three processes
(Suresh 2021, Groot 2026). First, successful cleavage at the correct position by the Cas9 complex.
Second, the employment of non-homologous end joining as a repair pathway by the cell, meaning that
the break is repaired by the insertion of random nucleotides, thereby altering the sequence. Third,
nonsense mediated decay — the removal of gene transcriptions identified as faulty. If a break is induced
in a key region whose alteration is inherently fatal to the protein’s function, nonsense mediated decay
is not necessary.
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Fig 5: Diagram of FoxP2, including denotation of Q-rich, zinc finger, leucine zipper, and forkhead box areas,
showing where different guide RNA would lead Cas9 to cleave. (Figure from Groot 2026.)

Guides are chosen based on their distance from the C- and N-terminuses, their efficiency, whether the
position they sit at is highly conserved in a family of genes, and whether the area they target is a match
to the human equivalent (Groot 2026). Of the guides shown in figure 5, guides 3, 5, and 6 were not a
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match when compared against the human gene (Groot 2026). Guide 1 showed a lack of activity upon
further testing. Though guides 2 and 4 showed promise in vitro, they did not succeed in vivo. Guides 7
and 8 were initially dismissed for their proximity to both the C-terminus and the forkhead box, which
is highly conserved in FOXP proteins and poses a risk of offsite binding. They were revisited after the
failure of guides 2 and 4. While there is a greater risk of offsite binding, they have potential to induce
a mutation in the forkhead box region, which, if successful, would eliminate dependence of knockout
on nonsense-mediated decay. Hence, guides 7 and 8 were chosen for this study.

A primer optimisation step was included before PCR amplification to test each primer pairs’
specificity (i.e.: their ability to amplify one specific region, and no other), and to identify the
temperature at which respective primer pairs would be most effective in promoting amplification.

Both chosen bat DNA samples will be run against experimental guides 7 and 8. Human embryonic
kidney DNA samples will be run against experimental guides 7 and 8, and against positive control
guide 4.

2.2 PROCEDURE
Primer Optimisation

Given the small size of the area being worked with (around 500 base pairs), the importance of a given
starting fragment size for gel electrophoresis analysis of fragmentation after the DNA digest, and the
importance of a large volume of DNA for gel imaging, primers must be optimised for specificity and
strength of amplification. Primer pairs are tested by running them at a series of different temperatures
(see Appendix 1) in a PCR machine with the same components that the actual PCR amplification is
then run with. Specificity is determined by the presence of a single band as opposed to multiple bands.
Strength is determined by band intensity. The more specific primer pairs are chosen over less specific
primer pairs. For the primer pairs chosen, the temperature at which amplification is the strongest is the
one at which PCR amplification is run. Different primer pairs may have different optimal
temperatures.

Primer specificity was tested by running them through a PCR amplification cycle. Two primer pairs
per guide were tested in each species. Each primer pair was tested using a temperature gradient to
identify the temperature at which the strength of amplification was greatest (see Appendix 1, Table 2).

A PCR Master Mix of 90uL containing Q5 High-Fidelity 2X Master Mix, template DNA, and
nuclease-free water was prepared for each of the two species. As there were two primer pairs being
tested per species, forward and reverse primers were added later. Volumes of each component were
added per manufacturer’s instructions.

A 2% Agarose Gel with SybrSafe was prepared. After PCR, 1ul of 6x Orange G was added to SuL of
the PCR-amplified samples. 2ul of Ladder (Generuler 100bp plus) was used. The gel was run at 100V
for approximately 35 minutes and imaged in UviDoc.

For each guide, a primer pair that had exhibited high specificity was selected.

PCR amplification

PCR amplification is necessary to increase the volume of DNA available and thus enable analysis by
Gel electrophoresis; if the volume of DNA is too low, bands denoting differently sized fragments with
not show up upon gel imaging or will be very weak. PCR amplification is, through the use of primer
pairs, also used to amplify the area of HEK and bat DNA that is relevant to the study. Working with
large strands of DNA is more burdensome and inefficient than working with smaller strands. Primer
pairs provide anchor-points between which the components of the Q5 Master Mix can act to amplify
DNA.



Product sizes for PCR amplification were calculated on Benchling (see Appendix 1, Table 3). PCR
amplification was performed using the previously identified optimal annealing temperature. 200ng of
template DNA as measured by nanodrop was used. Two PCR amplifications were performed for each
of the sample DNA: one with the optimal species-specific guide 7 primer pair, one with the optimal
species-specific guide 8 primer pair. The final volume of each PCR amplification component was
50uLl. Nuclease-free water volume was adjusted with regards to the volume of DNA added. Volumes
were added per manufacturer’s instructions.

After PCR, 4uL of the PCR amplified samples were run on a 2% agarose gel (100ml TAE, 2g agarose,
10ul SybrSafe, 0.8ulL Orange G per sample, 2uL. of 100bp NEB ladder) to confirm accurate
amplification.

Gel electrophoresis is used for separation of differently sized fragments of DNA. DNA fragments are
negatively charged due to their phosphate backbone and run from the negative to the positive charge
through an agarose gel. The agarose gel provides resistance, hence smaller fragments with a smaller
surface area travel faster and lower than larger fragments over the same period of time. In this study,
gel electrophoresis is used to a.) verify the specificity of primers used in PCR amplification, b.)
determine the temperature at which the strength of amplification is the greatest for different primer
pairs, c¢.) verify that amplification had occurred, and d.) check for Cas9 cleavage efficiency post-DNA
digest.

The gel ran for 35 minutes at 100V. While the gel ran, the remaining sample volumes were measured
and underwent PCR cleanup.

PCR cleanup

PCR cleanup is performed post-PCR amplification to isolate DNA amplicons away from unwanted
particles that could contaminate the DNA digest. Isolated DNA is resuspended in a chosen buffer, its
concentration is checked on a Nanodrop, and samples are diluted according to their starting
concentrations to a common concentration — in our case 30nM.

PCR Cleanup was performed using the Monarch NEB PCR Cleanup Kit, following the manufacturer's
protocol with minor modifications: (1) Prior to elution, columns were spun in a clean collection tube
for 1 minute to dry the filter membrane, and (2) elution was performed in 2x spins of 6ul of gently
warmed (37C) elution buffer incubated for 1-5 minutes each time.

After PCR cleanup, sample concentrations were measured on nanodrop. Samples were then diluted to
30nM.

DNA digest

A DNA digest was performed to verify the ability of guide RNA to guide Cas9 to cleave in the correct
position in chosen DNA samples. The DNA digest solution was made up of NEBuffer 3.1, Cas9, guide
RNA (aka guide RNA), and the post-PCR amplification, post-PCR cleanup DNA sample. Each
condition (DJ DNA guide 7, DJ DNA guide 8, Doris DNA guide 7, Doris DNA guide 8, HEK DNA
guide 7, HEK DNA guide 8, and HEK DNA guide 4) was run once with Cas9 and guide RNA, and
once with Cas9 but without guide RNA. This was to ensure that additional bands on the gel were
caused by guide-directed Cas9 cleavage, and not by contamination.

All recommendations given by the manufacturer for the proper storage and use of substances were
followed.

A 300nM guide RNA sample was prepared by diluting the 10uM stock with nuclease-free water on
ice. A 1uM Cas9 sample was prepared by diluting the 20uM stock in NEBuffer 3.1. The reaction was
prepared per the volumes below. The volumes below are volumes for 1 reaction:



Table 2: volumes for one DNA digest reaction

COMPONENT Amount / Rx
(High Concentration Version)

Nuclease-free water 13ul
NEBuffer 3.1 3ul
300 nM guide RNA (or H20 for Cas9 only condition) 6ul
"1 uM Cas9 Nuclease, S.pyogenes (M0386S)" 2ul

Reaction volume 24ul

A Master Mix of nuclease-free water, NEBuffer 3.1, and SaCas9 nuclease was prepared, with volumes
multiplied by the number of reactions being run plus two. 12 reactions were run in the initial DNA
digest. For each guide in each DNA sample type a Cas9+guide RNA and a Cas9 only condition were
run to ensure that bands observed in the successive gel were not caused by contamination of any of the
components.

All PCR amplicons were incubated either with or without the relevant guide.

Samples were pre-incubated for 10 minutes at 25 °C. 6 pL of a 30 nM of the relevant substrate DNA
was added to each reaction. The mixture was mixed thoroughly and pulse-spun in a microfuge, then

incubated at 37 °C for 30 minutes. 2uL of Proteinase K was then added to each sample. The mixture
was mixed and pulse-spun in a microfuge, then incubated at 37 °C for 15 minutes.

Samples were run on a 2.5% SybrSafe-stained agarose gel for 30 minutes at 70V, with 2.5pL of
Orange G ladder on either side.

Gels were visualised on UviDoc.

% gene editing was calculated per the following equation:

(X band intensity,) — band intensity,

% editing = 100 x (1 — |1
Yo editing ( ‘] Yband intensity,



3 RESULTS

3.1 PRIMER OPTIMISATION

Optimal temperatures for chosen primers were determined as between 62 and 66 degrees Celsius. The
temperature gradient for PCR amplification was set accordingly.

Table 1: Primer pairs and temperatures chosen per their specificity and strength. PCR amplification product
length calculated per library values on Benchling.

Primer Name Sequence of primer pair Product Q5
Length Annealing
Temp
G7Fwdl Human GGGGCAGTCGATAATCAGCA 599 66 degrees
Celsius
G7Revl Human TGCTCTGGAATGGCTCATGT (incl. Forward | 66 degrees
and Reverse) Celsius
G8Fwd2 Human CAGGGACACAACAGAGCTGA 588 66 degrees
Celsius
G8Rev2 Human TGCAGTTCATTGCCACGAGA (incl. Forward | 66 degrees
and Reverse) Celsius
G7Fwd2 Bat ACCTCTACCAGCAGCCTCTA 500 65 degrees
Celsius
G7Rev2 Bat GACTCCAGTTTCCATGTGCTC (incl. Forward | 65 degrees
and Reverse) Celsius
G8Fwd2 Bat TGTTTGGCTGCCTTATTAAGCA 501 62 degrees
Celsius
G8Rev2 Bat TGCATGAAAACAGGCAGGTG (incl. Forward | 62 degrees
and Reverse) Celsius




3.2 DNA DIGEST GEL ELECTROPHORESIS
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Fig 6: DNA digest bat DNA. White arrows denote (visible) DNA fragments. Yellow arrows denote (visible)
bands that are caused by the migration of guide RNA.

Bat wing punch DNA samples containing both guide RNA and Cas9 separated into multiple bands, as
expected when the sample DNA has undergone fragmentation, while samples containing only Cas9
without guide RNA remained as a singular band (see comparison between lane ‘G7’ and lane ‘no
G7’). Fragments gained appear to have been of an appropriate size per predicted values (just under 500
base pairs for unfragmented bands, and under 400 and around 100 base pairs for fragmented bands).
The size of fragments corresponding to predicted values verified that cleavage was occurring at the
correct position.

DNA digest demonstrated digestion of bat wing punch DNA in both guide 7 and guide 8 conditions,
and not the guideless (Cas9-only) control. Subsequently, PCR amplification and DNA digest of HEK
DNA guide 7 and 8 was replicated and run against a previously validated positive control guide 4.
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Fig 7: DNA digest HEK DNA. White arrows denote (visible) DNA fragments. All samples that contained guide
RNA underwent cleavage and separated into fragments.



HEK DNA samples containing both guide RNA and Cas9 separated into multiple bands, as expected
when the sample DNA has undergone fragmentation, while samples containing only Cas9 without
guide RNA remained as a singular band (see comparison between lane ‘G7’ and lane ‘no G7°).
Fragments gained appear to have been of an appropriate size per predicted values. Unlike with bat
wing punch DNA, these varied significantly between conditions. The size of fragments corresponding
to predicted values verified that cleavage was occurring at the correct position. The positive control
guide 4 condition showed large cleavage efficiency, with the unfragmented band being barely visible
in the guide RNA + Cas9 condition, even when the image of the gel underwent overexposure. Guide 4
has been shown to drive cleavage efficiently in HEK DNA in past replications. The success of the
guide 4 positive control bodes well for the integrity of the procedure.

Gel analysis of the replicated DNA digest found guide 7 and guide 8 cleavage of HEK DNA. Positive
control guide 4 cleavage in HEK DNA was successfully replicated.

3.3 ANALYSIS

Highest cleavage efficiency was in guide 4 in HEK DNA. High cleavage efficiency was shown by
HEK DNA in the guide 7 and 8 conditions likewise. In Bat DNA, while wing clipping DNA taken
from DJ showed high cleavage efficiency in both guide 7 and guide 8, DNA taken from Doris showed
significantly less cleavage efficiency than both HEK DNA and DJ DNA.
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Fig 8: Graph showing differences in mean cleavage efficiency per guide per species/individual.



4 DISCUSSION

Gel analysis found cleavage in all tested guides in HEK and DJ DNA. Much like with guide RNA used
in prior CRISPR-Cas9 knockout generation attempts, guides 7 and 8 were met with success in DNA.
Fragments sizes agreed with predictions, indicating that guides are driving Cas9 cleavage in the expected
area. There was relatively low cleavage efficiency found in Doris wing punch DNA as opposed to DJ
wing punch DNA. This may be explained by high sensitivity of DNA digest analysis to small differences
in DNA digest solution proportions. This high sensitivity was suggested in the change of calculated DJ
DNA cleavage efficiency, where the difference between calculated percentage efficiencies in gels 1 and
2 was above 10 percent (10.7 %, see Appendix 4). Differences in Cas9 cleavage efficiency in DJ and
Doris may also have been partially caused by intraspecies variation between DJ and Doris’s genomes,
or by pipetting error. Pipettes, like all measuring tools, have a margin of error, so pipetting error leading
to small differences in DNA digest solution proportions may be the most likely explanation.

In all conditions excepting guide 8, where cleavage in bat DNA showed higher efficiency than that in
HEK DNA, human embryonic kidney DNA exhibited more efficient Cas9 cleavage than bat DNA.
Further, there was variation observed in Cas9 cleavage in different bat individuals. This suggests that
further optimisation may be necessary to ensure the dependability of FoxP2 knockout in different bat
individuals.

Importantly, the DNA digest showed that experimental guides 7 and 8 drive cleavage of both human
and bat FOXP2 DNA.

Having verified their ability to guide Cas9 to cleave in the correct spot, further testing must be conducted
to verify that Cas9 cleavage is leading to an altered sequence. Cleavage results in an altered sequence
when the cell employs non-homologous-end-joining (NHEJ) — wherein arbitrary nucleotides are drafted
from the intracellular matrix and inserted between the two separated ends — to repair the break. NHEJ
activity will be verified by T7E1 analysis in human (HEK293) cells. The T7E1 endonuclease checks for
nonhomology in DNA, which is what the insertion of arbitrary nucleotides during NHEJ would result
in. Once NHEJ activity is verified, testing in bat cells and individuals may proceed.

Future research and implications

For our purposes of developing a viable FoxP2 knockout P. discolor vocal learning model, the most
important thing is to proceed to T7E1 analysis in cell culture to verify the employment of the NHEJ
repair pathway after cleavage. The Cas9 protein is being guided to the forkhead box region of FOXP2.
The forkhead box region codes for the DNA binding domain of FOXP2. Because FOXP2 is a
transcription factor, any alteration in this region should prove fatal to its function. While cells
undergoing mitosis have been observed to employ a repair pathway that results in no alterations in the
sequence (homology-directed repair), neuronal cells, which we are targeting, are non-mitotic, and
should hence be employing only the NHEJ repair pathway.

A challenge that may arise in attempting to apply Cas9-directed cleavage in vivo is offsite binding
(Groot 2026). The forkhead box, apart from coding for the DNA binding domain, is also highly
conserved between FOXP genes (Weigel and Jackle 2009). The similarity is most stark between
FOXP2 and FOXP1I, and, to a lesser degree, FOXP4. In an in vivo scenario, this may result in the
chosen guides accidently guiding Cas9 to bind to FOXP1 instead of FOXP2, potentially knocking out
the wrong gene. This can fortunately be tested for after application by measuring levels of expression
of other FOXP proteins alongside FOXP2.

Turning in vitro success into in vivo application is notoriously tricky. In an investigation into data
from 2022, the IQVIA institute found that only about seven percent of drugs in drug development
maintained efficacy beyond the in vitro—in vivo transition (Aitken et al. 2023).



In vitro efficacy is crucial in determining a technique’s viability for application (Patel and Patel 2024).
However, an in vivo environment is significantly more changeable and heterogenous, and significantly
less subject to experimental control, than a cell assay or DNA sample (Liu et al. 2025). Actors that
otherwise demonstrate good coordination with one another in a well-controlled in vitro environment
may present as less efficient or fully unviable in vivo. While more complex in vitro models — such as
organoids — have been developed, some with heterogeneity that mimics sections of in vivo tissue, they
remain costly and difficult to upkeep (Li et al. 2024). Additionally, their complexity reduces the level
of possible experimental control. Reduced control and increased heterogeneity between samples
lowers replicability between trials. Hence, simpler models are needed to verify the viability of a
method through the reliable replication of results.

FOXP2 is a developmentally significant transcription factor involved in reaction cascades throughout
the body (den Hoed et al. 2021), and its in vivo study is crucial in building the foundation needed for
the development of therapies targeting disorders caused by alterations in its expression or by the
activity of a protein included in its downstream effects. So far, in vivo FoxP2 knockouts have only
been generated in a handful of species, including Mus musculus, Taeniopygia castanotis, and
Drosophila (Fujita-Jimbo et al. 2026). Valuable insights have been gained from these models,
including into FoxP2’s role in context-dependent vocalisation, motor learning, and neurite outgrowth.
Animal models have further implicated FoxP2 in prenatal development, cell proliferation,
morphogenesis and immunity, and studies investigating the effect of the up and down regulation of its
expression have found it capable of modulating the progression of complex conditions like chronic
kidney disease (Zou et al. 2025), prostate cancer (Zhu et al. 2023), Huntington’s disease (Hachigian et
al. 2017), speech-language disorder, and autism spectrum disorder (Fujita-Jimbo et al. 2026). Study of
FoxP2 activity in different species — especially in mammals and vocal production learners — could help
strengthen our understanding of its evolutionary and biological mechanisms enough to be able to
reckon with these more complex pathologies.

While gene therapy is still an emerging field, the year 2023 saw the approval of two gene therapy
products for sickle cell disease (SCD), a family of inherited red blood cell (RBC) disorders where
RBC:s are crescent- instead of disc-shaped, affecting oxygenation and blood flow (Sharma et al. 2026).
Both therapies lead to persisting desired disease modification with acceptable short-term toxicity.

This and similar successes demonstrate the potential of gene-protein research application in healthcare.
Continued study of the genetic and molecular mechanisms of FOXP2 may enable healthcare systems
to develop better treatment methods for conditions where its activity is implicated, including for
speech apraxia of the kind observed in the KE family in 2001.
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6 APPENDICES

Appendix 1: Primer Optimisation

Table 3: primer optimisation plan. Central temperatures were decided per optimal library temperatures and were
tested against two additional temperatures to either side (+2, +4 ).

COLUMN |2 3 4 I & 7 8 9 10 11
TEMP 61.3 62.8 64 65 66 67.1 68.2 69.2 70.3 71.1

Bat Guide
7 Pairl

Bat Guide
7 Pair 2

Bat Guide
8 Pairl

Bat Guide
8 Pair 2

Human
Guide 7
Pair1

Human
Guide 7
Pair 2

Human
Guide 8
Pair 1

Human

Guide 8
Pair 2

Guide 7 (Human Guide 8 (Human)
3000bp, é) e N A 3000bp
64C 66C 68C 70C 64C 66C 68C 70C 65C 67C 68C 69C 64C 66C 68C 70C
1000D R v S 1000bp
S00bRE T e < " s 500bp

300bp 300bp

100bp 100bp

Guide 7 (Bat) Guide 8 (Bat)

63C 65C 67C 69C 71C 63C 65C 67C 69C 71C 3000bp65C 67C 69C 71C 62C 64C 66C 68C 70C

Fig 9: Efficiency of primers at different temperatures. Specificity denoted by single bands (present in all
conditions with the exception of guide 7 pair 1 in bat DNA (red square, bottom left)). Strength of amplification
measured by the intensity of bands. Favourable guide pairs are decided by degree of specificity. Favourable
temperatures are decided by the strength of amplification.



Appendix 2: Checking PCR Amplification Specificity

Bat wing punch

1000bp
GY -

-
599 588 ‘ 500bp
-

\ 300bp

Fig 10: If amplification is specific, a fragment of a single size, decided by the given primer pair, is amplified.
Specific amplification is observed in all conditions. HEK guide 8 exhibits smearing. Calculation of sample
volume post-amplification shows greater volume of HEK guide 7 and HEK guide 8 amplicon samples than 46ul.
(the greatest possible volume if no loss of volume occurs, considering that 4ul. were used to run the gel). Both
HEK conditions are replicated to ensure integrity of PCR amplicons for ensuing DNA digest.

Ladder Ladder

599 588
° — .

Guide 7 Guide 8
primer primer

Fig 11: HEK conditions replicated. Exhibit specific amplification. No smearing present. Volumes of post-PCR,
post-gel samples sit between 42 and 44ulL.

Ladder PCR amplicons Ladder

—— ——

— Guide 7 primer Guide 8 primer

Guide 4 primer pair 1 pair 2
pair 2

Fig 12: PCR amplification specificity check of PCR and DNA digest replication of HEK DNA following the
unsuccessful cleavage of guide 8 HEK DNA. Includes positive control.



Appendix 3: Additional Gel Images Used For Measuring Cleavage Efficiency

Fig 13: Overexposed version of gel seen in figure 6 (see Fig 9 for gel explanation). Overexposing gels allows
better measuring of cleavage efficiency when bands are faint.

Ladder ; HEK DNA Bat DNA (DJ) Ladder
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4

Fig 14: Overexposed version of gel seen in figure 7 (see Fig 10 for gel explanation). Overexposing gels allows
better measuring of cleavage efficiency when bands are faint.

Appendix 4: Calculated Cleavage Efficiency (Gel Analyzer 26.1)
Table 4: Cleavage Efficiency, Gels 1 (Fig 9) & 2 (Fig 10)
Gel 1 Gel 2

guide 7 cleavage guide 8 cleavage guide 7 cleavage guide 8§ cleavage guide 4 cleavage
efficiency (%)  efficiency (%) efficiency (%) efficiency (%) efficiency (%)

DJ 59.8 58.6 49.1
Doris 239 15
HEK 52.5 81.4 55.1 89.7
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