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Defects in tubulin beta 2A class IIa (TUBB2A) are 
associated with a range of complex cerebral cortex 
dysplasias.1 Despite several studies reporting 
NM_001069.3:c.743C>T p.(Ala248Val) as a recur-
rent pathogenic mutation,1 2 it is listed in ClinVar 
with conflicting interpretations. To resolve these 
inconsistencies, we scanned data from the 100,000 
Genomes Project3 (100KGP) and identified 58 
individuals where p.(Ala248Val) had been called. 
Read alignment analysis suggested that the variant 
was genuine in 5/58 individuals, all of whom had 
a primary neurodevelopmental phenotype. In the 
remaining cases which spanned non- specific disease 
phenotypes, low allelic ratios (1%–19%) suggest 
recurrent mismapping artefacts.

Alpha and beta tubulins form heterodimers that 
polymerise to form microtubules, dynamic compo-
nents of the cytoskeleton that play an important role 
in cell division, migration and intracellular transport. 
Variants in several tubulin genes are associated with 
a variety of cortical brain malformation phenotypes, 
including lissencephaly, polymicrogyria, microlis-
sencephaly and simplified gyration, collectively 
termed ‘tubulinopathies’.4 5 A recently described 
tubulinopathy involving TUBB2A (MIM #615763) 
has been associated with brain phenotypes ranging 
from a normal cortex to extensive dysgyria.2 One 
particular TUBB2A variant, p.(Ala248Val), has been 
reported in several studies, in most cases arising de 
novo.1 2 6–8 Additional unpublished clinical cases also 
report a de novo origin ( www. ncbi. nlm. nih. gov/ 
clinvar/ variation/ 127101).

Multiple occurrences of the same de novo 
mutation in patients with overlapping phenotypes 
would typically provide strong evidence supporting 
pathogenicity. However, on closer inspection, 
p.(Ala248Val) becomes harder to interpret, partic-
ularly when applying the American College of 
Medical Genetics and Genomics (ACMG) popula-
tion allele frequency (AF) criteria PM2/BS1.9 The 
AF in gnomAD v2.1.1 is 8/237 044 in exomes and 
79/15 882 in genomes, an unexpected skew for a 
coding variant. In gnomAD v3.1, the global AF of 
400/111 804 rises to 342/24 540 (1.4%) in Afri-
cans, well above the normal threshold for a highly 
penetrant autosomal–dominant condition.

The p.(Ala248Val) variant fails quality control 
filters in the gnomAD genome datasets and is only 
visible when the ‘filtered variants’ checkbox is 
selected. In contrast, it is a PASS variant in the 
exome subset of gnomAD v2.1.1. This inconsis-
tent AF data likely explains the conflicting inter-
pretations in ClinVar—currently one benign, 
one likely benign, two likely pathogenic and two 
pathogenic assessments. This degree of conflict is 
unusual, as diagnostic laboratories apply ACMG 
guidelines conservatively and typically report 
variants as being of uncertain significance when 
doubt arises.

Segmental duplications are known to result in 
reads with low mapping quality on short- read 
sequencing, and this can cause mismapping arte-
facts. Indeed, several regions share similarity 
with TUBB2A. Although the highest identity is 
with TUBB2B, other beta tubulin genes (TUBB3/
TUBB4A/TUBB6) and a pseudogene (TUBB2BP1) 
share >90% identity with TUBB2A exon 4 (online 
supplemental table S1). Notably, TUBB2BP1 
contains the analogous base to p.(Ala248Val) in 
TUBB2A, and this ‘cismorphism’ is in a region rela-
tively depleted for other cismorphisms (figure 1). 
Thus, we speculate that mismapping of reads from 
TUBB2BP1 may result in p.(Ala248Val) being called 
in TUBB2A as an artefact and thus the apparently 
high AF in gnomAD.

Searching data from 78 195 individuals sequenced 
as part of the 100KGP (online supplemental mate-
rial, Methods section) uncovered 58 subjects appar-
ently heterozygous for p.(Ala248Val). On reviewing 
read alignment statistics, two distinct clusters 
were seen. In 5/58 individuals, the p.(Ala248Val) 
variant appeared with allelic ratios of 31%–41%, 
supported by multiple reads across both strands. 
In contrast, for the remaining 53 individuals, the 
variant was observed at lower allelic fractions 
(1%–19%), almost exclusively on positive strand 
reads (figure 2A). The strand bias is similar to that 
seen in gnomAD v2.1.1 and could be explained if 
the variant was a mismapping artefact due to reads 
from TUBB2BP1, as the region of similarity extends 
distally by only 133 bp (figure 1). This mismap-
ping hypothesis is also supported by three nearby 
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TUBB2A- TUBB2BP1 cismorphisms, which can be observed in the 
same reads (figure 2B).

All five patients with apparently ‘genuine’ variants had neuro-
developmental presentations involving intellectual disability. 
Three patients were reported to have seizures (one with electro-
encephalogram showing hypsarrhythymia); three had hypoplasia 
of the corpus callosum; and three had asymmetric ventricules; 
the findings were not atypical of the clinical tubulinopathy spec-
trum (online supplemental table S2 and figure S1). In four of 
five of these cases, genome sequencing had been performed as 
parent–child trios, and in these, the variant was confirmed to 
have arisen de novo. The other 53 individuals spanned several 
disease areas and included unaffected family members, as well 
as germline samples from patients with cancer (online supple-
mental table S3).

Of the five patients where the variant was suspected to be 
genuine, three were white; one was Pakistani; and for one, 
ethnicity data were unavailable. Of the remaining 53 individ-
uals, 34% were African/Caribbean; 30% were Asian; 13% were 
white; and for 23%, ethnicity data were not available. The 
increased prevalence of likely artefactual variant calls in individ-
uals of African ethnicity mirrors the pattern seen in gnomAD. 
This may reflect TUBB2BP1 polymorphisms or additional tracts 
of common paralogous sequence in that population.

On a technical note, where Sanger sequencing is used for vali-
dation, primer design is critically important. In the original study 
by Cushion et al,1 a low allelic fraction was observed in the elec-
tropherogram. Rather than reflecting mosaicism, this was likely 
due to coamplification of TUBB2B (figure 1). We propose an 
alternative reverse primer (online supplemental table S4) that 
increases specificity towards TUBB2A and also demonstrate that 
poor primer design can lead to erroneous validation of NGS arte-
facts (online supplemental figure S2). Where similar methods are 
used, we recommend filtering p.(Ala248Val) variant calls at an 
allelic fraction of >20% and requiring >2 reads on both strands.

For one case, retrospective analysis of exome sequencing 
validated p.(Ala248Val) but further emphasised the impact of 
read lengths on mapping quality (online supplemental figure 
S3). Applying a similar analytical strategy on TUBB2B identi-
fied two patients from 100KGP with cortical brain malfor-
mations harbouring the corresponding p.(Ala248Val) variant 
(online supplemental material), with a similar clustering pattern 
observed (online supplemental figures S4, S5).

Our cautionary tale highlights the difficulty in distinguishing 
bona fide gene- conversion events from mapping artefacts using 
short- read data. It is anticipated that increased uptake of long- 
read sequencing technologies will be beneficial to help fully 
resolve repetitive loci such as this.10 The value of plotting 

Figure 1 Relative positions of segmental duplications and hypothesis for strand bias associated with NC_000006.12:g.3154458G>A, p.(Ala248Val). 
Customised UCSC genome browser session highlighting the positions of segmental duplications showing at least 90% identity (interactive version at: 
https://genome.ucsc.edu/s/AlistairP/TUBB2A_v5). Region shown corresponds to a 900 bp section of exon 4. The RefSeq annotation corresponding to the 
canonical TUBB2A isoform is highlighted. The positions of primers used in the Cushion et al study are indicated by the in silico PCR track—the lack of 
cismorphisms at these sites suggests that TUBB2A and TUBB2B would both be amplified with an equal efficiency. The position of a modified reverse primer 
which contains mismatches with TUBB2B at the 3′ end is indicated. The position of the base in TUBB2BP1 that is analogous to p.(Ala248Val) is labelled. 
Cismorphisms at sites which are also polymorphic in TUBB2A or TUBB2BP1 are also labelled. Other de novo variants detected in 100KGP are indicated, 
although p.(Val49Met) and p.(Arg391His) are not shown as they lie outside the region shown. The schematic diagram below the UCSC session indicates 
relative positions of hypothetically mismapped read pairs from TUBB2BP1 (which lies 23 kb proximal to TUBB2A), which could explain the strand- bias 
observed. Negative strand reads from TUBB2BP1 that harbour the base analogous to p.(Ala248Val) are unlikely to mismap to TUBB2A as the corresponding 
+ve strand paired read then would lie outside the region of similarity. 100KGP, 100,000 Genomes Project; TUBB2A, beta- tubulin isotype 2A.
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read- alignment statistics across a large cohort of individuals 
analysed using a uniform pipeline (eg, 100KGP) is also high-
lighted. It is likely that similar approaches may be useful for 
other genes where conversion events represent an important 
mutational mechanism.
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Figure 2 (A) Allelic ratios for p.(Ala248Val) plotted against the number of negative strand reads supporting the variant in 58 individuals from the 100KGP. 
Five patients have an allelic fraction of >30%, and the variant is also supported by six or more of negative reads. These variants were considered to be real 
and form a discreet cluster compared with the 53 cases with low allelic fractions which are supported almost exclusively by +ve strand reads. Patients 1–5 
are labelled P1–P5. (B) Read alignments shown in the Integrative Genomics Viewer for one case with likely artefact (upper) alongside the likely genuine 
variant in patient 5 (lower). The samples shown correspond to the red data points shown in panel A. Reads are sorted by base and shown using the squished 
option. Three other cismorphisms in the same reads are highlighted—the similarly low allelic fractions are consistent with a mismapping artefact. In the 
lower panel, as well as higher allelic fraction, multiple reads supporting the variant are seen on both strands. 100KGP, 100,000 Genomes Project; TUBB2A, 
beta- tubulin isotype 2A.
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Using data from the 100,000 Genomes Project to resolve conflicting 

interpretations of a recurrent TUBB2A mutation 

Online supplemental material 

 

Supplemental methods 

The 100K Genomes Project (100KGP) is a national genome sequencing initiative approved by the HRA 

Committee East of England, Cambridge South (REC: 14/EE/1112).  More information about this project is 

available online (www.genomicsengland.co.uk and https://doi.org/10.6084/m9.figshare.4530893.v5).  Germline 

DNA samples from 78,195 individuals were sequenced using a 150bp paired-end format in a single lane of an 

Illumina HiSeq X instrument. Reads were aligned to the GRCh38 assembly (with decoys) using the iSAAC 

Aligner v03.16.02.19 and small variants were called using Starling v2.4.7.  Aggregation of single-sample gVCFs 

were performed using gVCF genotyper v2019.02.29 (Illumina) and normalisation/decomposition was 

implemented by vt version 0.57721.  The multisample VCF was split into 1,371 roughly equal chunks to allow 

faster processing and the loci of interest were queried using bcftools v1.9. 

In order to validate the p.(Val248Ala) variants in TUBB2A and TUBB2B, PCR reactions were performed 

in 25µl volumes using the Megamix (Microzone) or FastStart (Roche) kits along with the primers listed in Table 

S4  Thermocycling conditions included 5 minutes of initial denaturation at 95°C, followed by 30 cycles of 1 

minute at 95°C, 1 minute at 58°C and 1 minute at 72°C. A final extension for 10 minutes was performed at 72°C. 

Prior to sequencing, PCRs reactions were purified using Exonuclease I and Shrimp Alkaline Phosphatase.  

Sequencing reactions were performed using BigDye v3.1 chemistry and samples were run on an ABI 

3730xl/3130xl instrument. 

 

Supplemental discussion 

 

Incidence and mechanism underlying recurrent p.(Ala248Val) mutations 

In this study we identified 5 cases with the likely genuine p.(Ala248Val) mutation, of which 4 were confirmed as 

having arisen de novo.  This recurrent mutation was identified by searching through 78,195 study participants, of 

whom 6,570 had been recruited to the 100KGP with a neurodevelopmental disorder. All 5 mutation carriers were 

in the latter category - we did not identify any likely genuine p.(Ala248Val) mutations amongst the 71,625 

participants recruited for a different reason.  As well as giving an idea of the likely incidence of this mutation in 

cohorts of individuals with neurodevelopmental disorders, this bias (5/6,570 vs 0/71,625; P < 0.00001, Fisher’s 

exact test) also helps strengthen the evidence supporting the pathogenicity of p.(Ala248Val).  In contrast, only 

4/53 cases with the likely artefactual variant call were from the neurodevelopmental subdomain and this 

distribution was consistent with the null hypothesis (4/6,570 vs 49/71,625; P > 0.05). 

Deamination of methylated cytosine residues is the most common mutational mechanism and such 

variants are approaching saturation in large population genome datasets.1  Although the p.(Ala248Val) mutation 

involves a C>T transition, it is not at a CpG dinucleotide and so the recurrence is unlikely to result from this 
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mutational process. We suspect that, as well as resulting in missmapping artefacts, the cismorphic base in 

TUBB2BP1 might explain why genuine p.(Ala248Val) variants in TUBB2A are recurrent, via gene conversion.  

Gene-conversion events are increasingly being recognised as an important mutational mechanism.2 Well known 

examples include recurrent mutations in SBDS,3 GBA4 5 and the c.757delG variant in SORD recently associated 

with hereditary neuropathy.6 The likelihood of gene conversion events occurring is correlated with how far the 

region of sequence similarity is away from the target site2; one study suggested that most conversion events occur 

where the duplication is <55kb away.7  In the case of TUBB2A, TUBB2BP1 lies approximately 23kb away and so 

well within the range where conversion events become more common. 

 

Detection of genuine mosaicism 

It is well known that parent-child trio sequencing using NGS is an effective way of picking up genetic mosaicism.8  

However in this case, mosaicism of the p.(Ala248Val) variant would be very difficult to detect robustly given our 

recommendation to use an allelic ratio threshold >20% to remove artefactual variant calls. 

 

Reasons why p.(Ala248Val) was missed previously 

We note that p.(Ala248Val) was not reported by the clinical filtering pipeline used by the 100KGP likely due to 

the Platypus 0.8.1 variant caller annotating variant with either a MQ (4/5) or a badReads (1/5) warning flag. In 

contrast, in the single sample Starling small-variant call vcfs, p.(Ala248Val) was annotated with a PASS flag in 

5/5. We also note that the variant is called by GATK and passes the recommended hard filters in 5/5. In Patient 

4, the variant was missed by the DDD study’s filtering pipeline because PolyPhen predicts p.(Ala248Val) to be 

benign and this rules the variant out for analysis of singleton datasets (pers. comm. Caroline Wright), even though 

this gene has a high missense constraint score (Z=5.26; gnomAD v2.1.1). 

 

Searching for p.(Ala248Val) in TUBB2B in 100KGP 

It is notable that the analogous variant p.(Ala248Val) in TUBB2B has also been described in the literature in 

patients with polymicrogyria, intellectual disability and epilepsy.9  A different variant involving the same codon 

p.(Ala248Thr) has also been reported previously as a de novo variant in a 28.5 week old foetus with central 

polymicrogyria-like cortical dysplasia and mild vermis hypoplasia.10 

The p.(Ala248Val) TUBB2B variant is associated with similarly conflicting interpretations in ClinVar 

(www.ncbi.nlm.nih.gov/clinvar/variation/381699); currently 1 benign and 1 likely pathogenic.  The variant is a 

filtered (low-confidence) variant in gnomAD v2.1.1 and is present with a slightly higher allele frequency 

(4,284/134,020) in the exomes compared to the genomes (441/20,198).  In gnomAD v3.1 the variant is also filtered 

and the global allele frequency of 1,900/120,372 rises to 1,668/23,178 (7.2%) in African/African Americans.  In 

theory, this high AD would meet the BA1 stand-alone criteria supporting a benign interpretation using the ACMG 

variant interpretation framework.11  However the lack of homozygotes (>50 expected in African/African 

Americans in gnomAD v3.1 assuming Hardy-Weinburg equilibrium; none observed) and a review of read 

alignments available for gnomAD v3.1 showing strand bias (only a single -ve strand read supporting the variant, 

across 20 heterozygous genomes available at time of review) strongly suggested this “variant” to be artefactual in 

most cases. 
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TUBB2B lies further away from TUBB2BP1 than TUBB2A, so genuine gene conversion events might be 

expected to be less common.  However TUBB2B and TUBB2BP1 are still within the <55kb range proposed by 

Ezawa et al where the majority of conversion events occur.7 We therefore sought to replicate the results seen for 

TUBB2A and searched for the analogous position in TUBB2B, as described above.  Of the 78,195 individuals from 

the 100KGP contained in the V2 aggregate vcf file, we identified 7 individuals apparently heterozygous for 

p.(Ala248Val).  In 3/7 of these individuals, the p.(Ala248Val) variant appeared with allelic ratios of >20% and 

supported by multiple reads across both strands.  In contrast, for the remaining 4 individuals, the variant was 

observed at lower allelic fractions (3.5-13.5%) and was almost exclusively supported by +ve strand reads (Figure 

S4A).  The clustering pattern seen is strikingly similar to that presented for TUBB2A in Figure 2A. 

Of the three individuals with plausible p.(Ala248Val) variants in TUBB2B, one was a case where limited 

clinical information was available.  For this individual, the variant was seen at an allelic fraction of 24% and 

supported by four -ve strand reads; however upon close scrutiny, there was an additional nearby cismorphism 

(delC) seen in overlapping reads (Figure S4B), raising the possibility that a subset of reads could originate from 

TUBB2BP1. The other two individuals (allelic fractions >20%, six -ve strand reads supporting the variant) were 

recruited to the 100KGP under the diagnosis category “Malformations of cortical development”.  Of the samples 

contained in the aggregate vcf, only 153/78,195 (i.e. <1/500) were from individuals entered into the 100KGP 

under that specific disease category. Given that TUBB2B is linked to a single condition in OMIM “Cortical 

dysplasia, complex, with other brain malformations 7” (MIM #615763), finding cases in this category would have 

been the a priori expectation.  The chances of both cases with the most plausible p.(Ala248Val) variants falling 

into this category would have been <1/250,000 under the null hypothesis.  Unfortunately, neither of these patients 

were recruited to the 100KGP as part of parent-child trios and so we cannot determine whether these variants may 

have occurred de novo.  Sanger sequencing was used to validate the variant for one of the two cortical 

malformation cases, where DNA was available (Figure S5). 

Lastly, we note that TUBB2B is better established as a disease gene and the associated cortical phenotypes 

are generally more profound than those seen in TUBB2A patients.10 12 The fact that all five TUBB2A positive cases 

were entered into the 100KGP with a diagnosis of intellectual disability whereas the two suspected TUBB2B cases 

were listed in the cortical malformation disease category is therefore consistent with the literature and highlights 

that for the latter condition, MRI imaging typically plays a more prominent role in the diagnostic workup. 
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Figure S1:  Photographs and MRIs for Patient 1 obtained with parental consent.  A) Facial photographs showing 

frontal bossing, laterally sparse eyebrows, mild hypertelorism, proptosis, depressed nasal bridge, long philtrum, 

thin tented upper lip, everted lower lip and drooling.  B)  Axial T2W MRI images showing oversimplification of 

gyral pattern of frontal cortex with dysgyric cingulate cortex anteriorly, asymmetry of lateral ventricles, and 

normal basal ganglia.  C)  Coronal T2W MRI image showing oversimplification of gyral pattern of anteriorcortex 

with dysgyric cingulate cortex anteriorly, asymmetry of lateral ventricles, and normal basal ganglia.  There is no 

evidence of polymicrogyria.  D) The midline sagittal T1W image shows thin corpus callosum and a degree of 

inferior vermis hypoplasia.  Clinical images are not available for Patients 2-5. 
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Figure S2: Sanger validation results for the p.(Ala248Val) TUBB2A variant in Patient 1 and his parents.  Primers 

used by Cushion et al13 are likely to co-amplify TUBB2B and so result in the false impression of mosaicism 

(middle panel). Using a modified R primer (upper panel) leads to higher specificity towards TUBB2A. In contrast, 

a modified F primer (lower panel) leads to co-amplification of TUBB2BP1, which could lead to falsely validating 

a NGS mapping artefact.  The minor peak for the A allele at the first position of codon 251 in the mother 

corresponds to a polymorphism in TUBB2BP1 (rs3734485).  Similar results were obtained for Patient 4 (data not 

shown). 
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Figure S3: Comparison of genome and exome sequences for Patient 4 who had previously also been enrolled into 

the DDD study as a singleton (DECIPHER 306037).  A lower proportion of MAPQ=0 (white) reads is observed 

with 150bp read genome sequencing data (A) compared to 75bp read exome sequencing data (B).  In both data 

sets, the p.(Ala248Val) variant is supported by reads on both strands.  In the 100KGP, the parent’s father and 

mother were also sequenced and the A allele was observed in 0/42 and 0/59 reads, respectively. 
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Figure S4: Replication of the read alignment analysis and clustering for individuals with the same p.(Ala248Val) 

variant in the closely paralogous TUBB2B gene.  A) Allelic ratios for p.(Ala248Val) plotted against the number 

of negative strand reads supporting the variant in 7 individuals from the 100KGP.  Three patients have an allelic 

fraction >20% and the variant is also supported by 4 or more of negative reads.  These variants appear to form a 

discreet cluster compared to the 4 cases with low allelic fractions which are supported almost exclusively by +ve 

strand reads, replicating the pattern seen for TUBB2A in Figure 2A.  B)  Read alignments shown in IGV for cases 

with plausible p.Ala248Val variants.  Reads are sorted by base and shown using the squished option.  In the upper 

two panels, allelic fractions of >20% are observed and the variant is also supported multiple reads on both strands.  

Both datasets come from patients recruited to the 100KGP with a cortical brain malformation.  In the lower panel, 

a delC cismorphism is highlighted in overlapping reads - the similarly low allelic fractions are consistent with a 

mismapping artefact. 
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Figure S5: Sanger validation results for the p.(Ala248Val) TUBB2B variant in a patient with cortical brain 

malformations.  In the Illumina genome sequencing data, the variant in this patient had been seen with a 21% 

allelic fraction, as shown in Figure S4.  The universal reverse primer used by Cushion et al13 was used together 

with the TUBB2B_F primer listed in Table S4. No evidence of the mutation was seen in the sample from TUBB2A 

Patient 2, confirming that the F primer results in specificity for the TUBB2B isoform. 

 

 

Table S1:  DNA and amino-acid identity for TUBB2A compared to other members of the TUBB gene family. See 

xlsx file submitted as a separate document. 

 

Table S2:  Clinical and imaging features of patients with variant c.743C>T; p.(Ala248Val) in TUBB2A.  See xlsx 

file submitted as a separate document. 

 

  

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Med Genet

 doi: 10.1136/jmedgenet-2020-107528–4.:10 2021;J Med Genet, et al. Ragoussis V



TUBB2A variant interpretation 

9 

 

Table S3: Diagnostic categories for individuals with low confidence p.(Ala248Val) variant in TUBB2A. 

Unaffected or not available 19 

Cancer 9 

Intellectual disability    4 

Early onset/familial intestinal pseudo obstruction     3 

Kidney disease (rhabdomyolysis, cystic kidney disease, proteinuria renal disease) 3 

Heart disease/heart problems (dilated cardiomyopathy) 2 

Encephalopathy 2 

Inherited macular dystrophy 2 

Hypertension 2 

Congenital hearing impairment  1 

Charcot-Marie-Tooth disease 1 

Hereditary ataxia      1 

Multiple epiphyseal dysplasia 1 

Epilepsy 1 

Osteogenesis Imperfecta Osteopenia 1 

Brain channelopathy 1 

Total 53 
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Table S4: Primer sequences for Sanger validation.  Primers labelled Cushion_F and Cushion_R are described in 

Cushion et al 2014.13  The binding sites of all 4 TUBB2A primers are shown in Figure 1.  In contrast to other 

studies which have used long-range PCR to increase specificity to a target gene of interest,5 14 here we designed 

Modified_R to contain two 3’ mismatches with TUBB2B (underlined bases) so as to increase specificity towards 

TUBB2A.  In contrast, Modified_F was designed within the sequence similar to TUBB2BP1 to test whether this 

would replicate the artefactual p.(Ala248Val) result.  *We note that the presence of a rare variant in TUBB2B 

(rs1054332; 0.48% in gnomAD v3.1) means that in a small fraction of cases there would be just a single mismatch. 

Primer Name  Primer sequence 

TUBB2A_Cushion_F GGCCATCATGTTCTTGGAGT 

TUBB2A_Cushion_R CAGCTGGTGGAAAACACAGA 

TUBB2A_Modified_F TGAGCTCGGGCACCGTGAGC 

TUBB2A_Modified_R* GATGAAACCTACTCCATTGAT 

TUBB2B_F CTCCTCCGCTTTCCCTAACC 
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