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ABSTRACT: Familial dysautonomia (FD) is caused by an intronic
splice mutation in the I�B kinase–associated protein gene (IKBKAP)
that leads to partial skipping of exon 20 and tissue-specific reduction
of I�B kinase–associated protein/elongator protein 1 (IKAP/ELP-1
protein). Kinetin increases IKBKAP mRNA and protein expression in
FD cell lines. To determine whether oral kinetin alters IKBKAP
splicing in vivo, we administered kinetin to 29 healthy carriers of the
major FD mutation for 8 d. Adverse effects, kinetin, and IKBKAP
mRNA levels were monitored. In the highest dosing cohorts (23.5
mg/kg/d), the target plasma kinetin level was achieved in 91% of
subjects at 2 h. After 8 d, IKBKAP mRNA expression in leukocytes
increased as kinetin levels increased. There is a linear association
between log plasma kinetin level and corresponding log change from
baseline in IKBKAP mRNA expression that allows estimation of
IKBKAP mRNA levels because of kinetin ingestion. Adverse effects
were transient and mild. This is the first report of in vivo IKBKAP
splicing modification and strongly suggests kinetin’s therapeutic
potential in FD and perhaps in other splicing disorders. Furthermore,
our findings support our hypothesis that treatments, which target a
particular splicing mutation, can be successfully developed. (Pediatr
Res 65: 341–346, 2009)

Familial dysautonomia (FD) �Riley-Day syndrome/
hereditary sensory and autonomic neuropathy type III,

OMIM 223900� is an autosomal recessive disease character-
ized by pervasive sensory and autonomic dysfunction and
premature death, with a carrier frequency of 1 in 27 in the
Ashkenazi Jewish population (1,2). Neuropathologic studies
suggest the disease results from the incomplete embryonic
development of unmyelinated and small myelinated neurons
as well as progressive and relentless neurodegeneration. Al-
though penetrance is complete, there is pronounced pheno-
typic variability. As there is failure of neuronal migration and
maturation, some symptoms are apparent at birth such as
hypotonia and poor suck with failure to thrive. Consistent with

sympathetic denervation, there is a lack of autonomic ho-
meostasis, which presents as orthostatic hypotension without
compensatory tachycardia and paroxysmal hypertension. De-
creased unmyelinated neurons result in sensory dysfunction
that predominantly affects temperature and pain perception.
Patients lack overflow tears and have gastrointestinal dysfunc-
tion with dysphagia and reflux. With advancing age, function
deteriorates, however, with supportive and preventative care,
morbidity and mortality has been reduced. Currently, approx-
imately 54% of patients are over 15 y and the probability of
survival to 40 y is 50% (1–3).

In 2001, mutations in I�B kinase–associated protein gene
(IKBKAP) were shown to cause FD (4,5). Over 99% of
patients are homozygous for the most common mutation, a T
to C DNA change located at the sixth base pair of intron 20,
within the exon 20 splice donor site. The major mutation leads
to variable, tissue-specific skipping of exon 20 in the RNA
message, resulting in reduced protein expression of I�B ki-
nase–associated protein (IKAP) (4–6). IKAP, alternatively
known as elongator protein 1 (ELP-1) is an integral compo-
nent of the human elongator complex, a transcriptional regu-
lator. A subset of elongator’s target genes play a role in cell
migration, and therefore decreased IKAP/ELP-1, leading to
decreased functional elongator, is consistent with FD neuro-
pathology (7).
IKBKAP is expressed ubiquitously in humans, and FD

patients retain the capacity to produce wild-type mRNA and
functional protein (IKAP/ELP-1 and elongator). The alterna-
tive splicing of IKBKAP in FD is also tissue specific, and the
most profound aberrant splicing (that leads to overproduction
of mutant IKBKAP mRNA and low levels of functional pro-
tein) occurs in neuronal tissue (5–8). Although carriers seem
to be clinically asymptomatic, they demonstrate some degree
of reduced splicing efficiency (9), and may have subclinical
neurophysiologic manifestations that have not yet been de-
scribed.

As part of a National Institute of Neurological Disorders
and Stroke sponsored drug screen, it was demonstrated that
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kinetin (6-furfurylaminopurine; C10H9N5; molecular weight
215.21) had a dramatic effect on exon 20 inclusion (10 �M to
100 �M) in vitro (10–13). Kinetin is a natural dietary ingre-
dient, a plant growth regulator, and an ingredient in various
skin creams. However, it has never been used as a therapeutic
agent for human disease (14–16). Preclinical studies in ro-
dents demonstrated that kinetin was absorbed orally, readily
distributed into the plasma and central nervous system (CNS),
and was not clastogenic. Toxicity occurred only at extremely
high doses (Sitek studies No. 0849-M208, No. 0849-1721.4,
No. 0849-1731.C, SITEK Research Laboratories, Rockville,
MD, 2005–2007).

We hypothesized that oral kinetin would also affect IK-
BKAP mRNA splicing in vivo. Therefore, to safely determine
dose response curves in a healthy human population who also
demonstrate a degree of aberrant IKBKAP splicing, we ad-
ministered oral kinetin to healthy carriers of the FD common
mutation for 8 d and found that kinetin increased IKBKAP
mRNA in peripheral blood leukocytes. Given that approximately
15% of all known disease-causing mutations alter mRNA splic-
ing, and that this proportion will likely increase as the regulatory
effects of single nucleotide polymorphisms associated with com-
plex, common disease are worked out, our work illustrates that
treatments which target precise molecular splicing defects can be
successfully developed. This mechanism offers great promise as
a new, unexplored direction for pharmacologic intervention in
disease.

METHODS

Study population. Twenty-nine carriers of the common IVS20�6T�C FD
mutation, �mean age 46.75 � 6.76 y; 17 males�, were recruited for enrollment
from the FD registry database at the New York University (NYU) Dysauto-
nomia Center (a convenience sample). Heterozygosity was confirmed by
DNA analysis. Two subjects from cohort 1 and three subjects from cohort 2
agreed to participate for a second trial of kinetin with the understanding that
it would be administered at a higher dose with food (cohorts will be defined
below). The study was conducted in accordance with the requirements of the
New York University School of Medicine Institutional Research Board and
written informed consent was obtained from all participants.

Dose limiting toxicity. All subjects had baseline and exit screening for
blood, bone marrow, liver, and renal abnormalities. Dose limiting toxicity is
defined as either transaminase and serum creatinine measurements that exceed
usual laboratory reference values or a decline in white blood count, red blood
cell count, and platelet count below usual reference values; or any serious
adverse event as defined by the Food and Drug Administration.

Dose escalation/cohort determination. On the basis of rodent studies
performed by SITEK Research Laboratories, we accepted the no observed
adverse events level (NOAEL) to be 200 mg/kg/d, as no toxicity was observed
at that dose in 35-d and 90-d studies (Sitek studies No. 0849-M208, No.
0849-1721.4, No. 0849-1731.C, SITEK Research Laboratories, 2005–2007).
The NOAEL in rats was converted to a human equivalent dose using 6.2 as
a conversion factor. The human equivalent dose of 33.5 mg/kg/d was further
reduced by a factor of 10. This starting dose, labeled “x,” (3.35 mg/kg/d) was
used for the subjects in the first cohort. Doses for subsequent cohorts were
determined from the modified Fibonacci dose escalation scheme: x, 2x, 3.3x,
5x, and 7x (17). There were five subjects in cohort 1, five in cohort 2, five in
cohort 3, seven in cohort 4, seven in cohort 5; five of the 29 subjects agreed
to participate for repeat study in cohort 6. For both cohorts 5 (fasting) and 6
(fed), the maximum dose was used (7x or 23.5 mg/kg/d). Dose escalation
continued until kinetin plasma levels reached our target concentration of 10
�M (2150 ng/mL).

Kinetin administration. Kinetin (Nature’s Best Inc. Hauppauge, NY) was
supplied as a clear capsule containing 250 mg of kinetin and 120 mg of
maltodextrin and was administered daily for eight consecutive days. The
contents of the capsules were emptied into a small amount of juice and taken
in the fasting state in cohorts 1 through 5. An additional cohort (6) was studied

to ascertain possible pharmacokinetic changes in the fed state. Subjects
received the first dose of kinetin at the NYU GCRC (general clinical research
center) and were monitored for 24 h.

Kinetin pharmacokinetics. Blood was drawn and centrifuged at 0.5, 1, 2,
6, 12, and 24 h after the first kinetin dose. Plasma samples were divided in
duplicate and labeled with the subject’s numerical code and the time of draw.
One sample was shipped on dry ice to ADMET Laboratories for analysis;
the other was frozen at �20°C. The plasma kinetin level at each interval
was plotted against time to determine when the target level of 2150 ng/mL
was achieved and how long it was sustained. The target kinetin level was
extrapolated from previous cell culture studies and based on the 10 �M
concentration that affected splicing (12). Plots for each subject were
developed and responses analyzed for each cohort at a particular dose. All
subjects had a final kinetin plasma level drawn upon exiting the study on
day 8, 1 h after the last dose.

Assessment of IKBKAP mRNA levels. Each subject had two IKBKAP
mRNA levels at baseline and one level at exit. The baseline measurements
were obtained before administration of first kinetin dose to assure that there
was consistency in an individual. Samples were collected using the PAXgene
Blood RNA System. Each tube was labeled with the subject’s numerical code
and the time of draw, and was shipped to The Center for Human Genetic
Research.

RNA extraction was performed using the PAXgene Blood RNA Kit
(PreAnalytiX-Qiagen/BD, Germantown, MD) and quantification was per-
formed using UV absorbance. Reverse transcription was performed using 500
ng total RNA, oligo(dT)/random hexamer primers (Promega, Madison, WI),
and Superscript III reverse transcriptase (Invitrogen, Carlsbad, CA). In our
previous studies, we have quantified the use of exon 20 as a marker for
splicing modification and have shown that kinetin acts directly on splicing and
not by altering transcription or nonsense-mediated decay (NMD) of the
mutant message (5,8,12,13). Quantitative polymerase chain reaction analysis
of wild-type human IKBKAP was performed using the BIORAD iCycler, iQ
SYBER Green supermix (BIORAD) and primers, F: 5�-TTCACGGATTGT-
CACTGTTGTG-3� and R: 5�-TGTCCAACCACTTCCGAATCTGAG-3�
specific to the WT spliced isoform of IKBKAP. To ensure that the same
amount of starting cDNA was present in each tube, samples were normalized
to the human GAPDH gene, a reference gene with consistent expression in
mRNA isolated from peripheral blood samples. Two GAPDH primers were
used F: 5�-TGCACCACCAACTGCTTAGC-3� and R: 5-GGCATGGACT-
GTGGTCATGAG-3�. The primer pairs were tested against a standard curve
and the correlation coefficient (r2) and amplification efficiencies fell within
accepted range. Quantitative polymerase chain reaction was performed in
triplicate and the relative amount of WT IKBKAP was measured between the
samples using the Livak method for relative gene expression analysis (18).
This method measures the difference in each sample (�Ct) between the
threshold cycles of the target gene (IKBKAP) to the reference gene (GAPDH).
The mean �Ct for each triplicate was graphed and standard deviations for
each mean were calculated.

Pharmacokinetic analysis. Values and times of maximal (Cmax, Tmax)
and postmaximal minimal (Cmin, Tmin) concentration were estimated on
the basis of graphs generated in SigmaPlot 8.0 (cubic spline interpolation).
Area under curve (AUC) was also estimated in SigmaPlot. Elimination
rate constant (Kel) and time of half-life (T1/2) were estimated according to
the following formulas.

Kel � Ln	Cmax/Cmin
/	Tmax � Tmin


T1⁄2 � 0.693/Kel

Statistical analysis. The distributions of IKBKAP mRNA levels and
kinetin blood levels at day 8 and the pharmacokinetic parameters associated
with kinetin were summarized using descriptive summary statistics and
graphical displays. IKBKAP mRNA levels were positively skewed; therefore,
the levels were transformed to the logarithmic scale for statistical analyses
that require the assumption of normality of data.

Statistical comparisons of all pharmacokinetic parameters among the
dosing groups were performed using nonparametric statistics because of the
lack of normality in the distributions of these parameters. The Jonkeheere-
Terpstra test was used to test for a monotone trend in the pharmacokinetic
parameters as kinetin dose increased. Dosing cohorts 1 through 5, given
kinetin doses varying from 3.35 to 23.5 mg/kg/d in the fasting state, were used
in this analysis. The Mann–Whitney U test was used to compare pharmaco-
kinetic parameters between dosing cohorts 5 (fasting) and 6 (fed), both
receiving the same kinetin dose, 23.5 mg/kg/d.

The intraclass correlation coefficient (ICC) was used to assess the consis-
tency of the two replicate baseline measurements of IKBKAP mRNA levels.
Linear regression analysis was used to describe and assess the association
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between log kinetin plasma levels and log change from baseline in IKBKAP
mRNA expression. Correlation coefficients were used to describe the strength
of this association.

Statistical analyses were performed using SPSS Version 14.0. The signif-
icance level for all tests was set at 0.05 (two-sided).

Five patients participated twice during the study, once in either cohort 1 or
2 in the fasting state (for the analysis of the association between kinetin level
IKBKAP mRNA level) and then in cohort 6 (for the analysis of the effect of
food on kinetin pharmacokinetics and IKBKAP mRNA). Group 6 was com-
pared only with Group 5 to examine the differences at the maximum dose
between the fed and fasting states.

RESULTS

Pharmacokinetics of oral kinetin. Table 1 displays the
descriptive summary statistics for the pharmacokinetic param-
eters obtained from the dose escalation. There were significant
increases with increased dosage (based on Jonkeheere-
Terpstra tests) for the following pharmacokinetic parameters
when kinetin was taken in the fasting state: Cmax (ng/mL) (p �
0.001), Tmax (h) (p � 0.005), Cmin (ng/mL) (p � 0.002), Tmin

(h) (p � 0.005), AUC (p � 0.001). There were no significant
differences between any of the pharmacokinetic parameters
for subjects on the highest dose of kinetin (23.5 mg/kg/d,
seven times the starting dose), when the drug was taken in the
fasting (cohort 5) or in the fed state (cohort 6).

Our target plasma kinetin level was 2150 ng/mL, based on
extrapolation from cell culture studies (12). In cohort 5 (fast-
ing), this level was achieved in 86% of subjects at 2-h
postdose; in cohort 6 (fed), this level was achieved in 100% of
subjects at 2-h postdose (Table 2). At 6 h, kinetin levels were
still above 2150 ng/mL in 43% of subjects in cohort 5 and
40% of subjects in cohort 6 (Table 2; Fig. 1). After 8 d of daily
administration, kinetin levels taken 1 h after the eighth day

Table 1. Pharmacokinetic parameters by dosing group for oral kinetin in human subjects

Cohort Cmax (ng/mL) Tmax (h) Cmin (ng/mL) Tmin (h) Kel (h�1) T1/2 (h) AUC

1: 3.35 mg/kg/d (fast) (N � 5)
Mean 780.60 1.63 0.000100 16.14 1.25 0.64 2919.40
Standard Deviation 321.36 0.51 0.0000000 5.59 0.58 0.23 953.77
Median 806.00 1.77 0.000100 16.30 1.07 0.65 2778.75
Minimum 344.00 1.06 0.0001 8.20 0.72 0.31 1996.50
Maximum 1167.00 2.22 0.0001 24.00 2.25 0.96 4026.75

2: 6.7 mg/kg/d (fast) (N � 5)
Mean 846.00 1.17 0.000100 17.42 1.01 0.71 3344.35
Standard Deviation 293.00 0.46 0.0000000 3.70 0.18 0.17 1899.16
Median 728.00 0.98 0.000100 15.70 1.07 0.65 2622.25
Minimum 493.00 0.61 0.0001 15.40 0.69 0.62 1794.75
Maximum 1204.00 1.74 0.0001 24.00 1.12 1.01 6638.25

3: 11.1 mg/kg/d (fast) (N � 5)
Mean 1751.00 1.83 4.600080 17.96 0.95 1.15 8837.67
Standard Deviation 440.84 0.48 10.2858680 3.41 0.42 1.21 3068.14
Median 1787.00 1.87 0.000100 16.50 1.16 0.60 10500.25
Minimum 1081.00 1.07 0.0001 15.85 0.21 0.58 4108.50
Maximum 2315.00 2.34 23.0000 24.00 1.19 3.33 11239.75

4: 16.8 mg/kg/d (fast) (N � 7)
Mean 3394.21 3.04 4.942914 20.65 0.84 1.79 18005.44
Standard Deviation 2770.22 1.70 6.6399446 4.19 0.63 1.67 9613.37
Median 2760.00 2.25 0.000100 24.00 0.80 0.86 18660.50
Minimum 415.00 1.78 0.0001 15.80 0.15 0.43 3077.25
Maximum 8207.00 5.65 14.0000 24.00 1.62 4.49 29298.60

5: 23.5 mg/kg/d (fast) (N � 7)
Mean 5223.57 2.59 10.557171 21.19 0.56 1.89 27689.32
Standard Deviation 2460.65 1.63 11.5212334 3.55 0.44 1.06 10315.51
Median 5050.00 2.05 6.900000 24.00 0.35 2.00 26783.65
Minimum 3365.00 1.07 0.0001 16.50 0.21 0.55 14623.75
Maximum 10460.00 6.10 30.0000 24.00 1.27 3.29 39071.85

6: 23.5 mg/kg/d (fed) (N � 5)
Mean 4781.50 1.64 13.100000 18.92 0.38 1.91 26045.57
Standard Deviation 975.18 0.32 12.0332872 2.84 0.11 0.47 3501.28
Median 5135.00 1.71 7.000000 17.70 0.33 2.09 26854.00
Minimum 3044.50 1.29 0.5000 17.60 0.28 1.22 22311.75
Maximum 5320.00 2.06 26.0000 24.00 0.57 2.44 30181.10

Cmax, maximal concentration; Cmin, postmaximal minimal concentration; Tmax, time at maximal concentration; Tmin, time at postmaximal minimal
concentration; Kel, elimination rate constant; T1/2, half-life; AUC, area under curve.

Table 2. Number of subjects achieving plasma kinetin levels of
2150 ng/mL or greater by cohort (percent per cohort)

Cohort (dose level)

Number of subjects with
plasma kinetin �2150
ng/mL at 2 h—after
initial single dose

Number of subjects with
plasma kinetin �2150
ng/mL at 2 h—after 8

days of ingestion

1: 3.35 mg/kg/d (fast) 0/5 (0%) 0/5 (0%)
2: 6.7 mg/kg/d (fast) 0/5 (0%) 1/5 (20%)
3: 11.1 mg/kg/d (fast) 1/5 (20%) 1/5 (20%)
4: 16.8 mg/kg/d (fast) 3/7 (43%) 3/7 (43%)
5: 23.5 mg/kg/d (fast) 6/7 (86%) 4/4 (100%)*
6: 23.5 mg/kg/d (fed) 5/5 (100%) 2/4 (50%)*

* In cohorts 5 and 6, there were 3 and 1 dropout, respectively, which
prevented obtaining levels on day 8.
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dose were above 2150 ng/mL in 100% of subjects in cohort 5
(4 of 4 subjects) and in 50% of subjects in cohort 6 (2 of 4
subjects) (Table 2). It should be noted that none of the subjects
in cohort 6 participated as subjects in cohort 5.
Reliability of repeated IKBKAP mRNA measurements.

For each subject, two baseline blood samples were obtained
for measurement of IKBKAP mRNA that were at least 2 h
apart and at most 7 days apart. These replicate baseline
measurements of IKBKAP mRNA levels were highly repro-
ducible (estimated ICC � 0.81, p � 0.001).
Association between kinetin dose and difference between

baseline and day 8 IKBKAP mRNA level. Table 3 displays
median IKBKAP mRNA levels achieved by 8 d, and the
median change from baseline IKBKAP mRNA levels at day 8,
by dosing cohort. For the 26 subjects who completed eight
consecutive days of single daily dose administration of
kinetin in the fasting state, there was a median increase per
cohort in the expression of IKBKAP mRNA in peripheral
blood leukocytes.

The scatterplot displayed in Figure 2a shows the linear
association between log plasma kinetin levels achieved at 8 d
and the log change in IKBKAP mRNA levels from baseline
level to the 8-d level; the regression is displayed with 95%
confidence intervals. Data were transformed using natural
logarithms. Patients in dosing groups 1 through 5 (fasting)

were included in this analysis. Log plasma kinetin levels and
log changes in IKBKAP mRNA levels (r � 0.51, p � 0.007)
are significantly associated.

The subject shown in the scatterplot (Fig. 2a) with a log
kinetin value of approximately 7.5 and a negative log change
in IKBKAP mRNA level is an outlier with a standardized
residual greater than 2. When the analysis is performed ex-
cluding this subject (Fig. 2b), the association between the log
kinetin and the log change from baseline IKBKAP is consid-
erably stronger (r � 0.63, p � 0.001). A kinetin level of 2150
ng/mL is considered an effective concentration, based on
extrapolation from cell culture studies (12). If this kinetin
level is reached at 8 d, we expect that the corresponding
increase from baseline in IKBKAP mRNA level by 8 d would
be 0.88 (IKBKAP mRNA levels are expressed as relative
levels); 95% confidence interval is 0.51–1.33.
Adverse events. The most commonly reported side effect

was nausea; the frequency increased as doses escalated and
was not altered by administering with food in cohort 6.
Although two subjects experienced transient headaches, there
were no long-term neurologic sequelae. There were no car-
diovascular effects or weight changes, nor changes in hemo-
gram, chemistry, liver, and renal laboratory values in any of
the 29 participants.

Four subjects withdrew from the study because of adverse
effects; all withdrawals occurred after the first dose and were

Figure 1. Plasma kinetin (ng/mL) vs. time (h): This graph plots the plasma
kinetin level (y axis) against time (x axis) by cohort (F � cohort 1, Œ �
cohort 2, f � cohort 3, ‚ � cohort 4, � cohort 5, X � cohort 6). As dose
increased in each cohort, plasma levels increased accordingly. Although the
true Cmax cannot be estimated, one can observe that plasma kinetin levels are
almost undetectable by 12 h in all dosing groups.

Table 3. Median IKBKAP mRNA levels achieved at day 8, and the median change from baseline IKBKAP mRNA levels at 8 days, by
dosing cohort (includes only patients completing 8 days of kinetin dosing)

Cohort 1 (N � 5) 2 (N � 5) 3 (N � 5) 4 (N � 6) 5 (N � 5) 6 (N � 4)

Dose (mg/kg/d) 3.35 (x*) 6.7 (2x) 11.1 (3.3x) 16.8 (5x) 23.5 (7x) 23.5 (7x)
Fast/fed state fast fast fast fast fast fed
Median 3.43 4.28 4.00 3.86 5.25 5.30
IKBKAP level at day 8 (IQR) (0.58) (0.90) (1.19) (3.15) (1.89) (1.20)
Median change from baseline level (IQR) 0.28 (1.05) 0.43 (1.49) 0.46 (1.74) 0.15 (2.51) 1.10 (1.17) 1.43 (0.83)

* x � starting dose as determined from the modified Fibonacci dose escalation scheme (17).
IQR, interquartile range.

Figure 2. (a and b): Scatterplots/linear regressions: The scatterplots with the
estimated linear regression line and 95% confidence intervals in Fig. 2a show
the association between the logarithmic (log or ln) plasma kinetin levels and
the log change in IKBKAP mRNA from baseline level to the 8 d level. (2a) All
subjects in cohorts 1 through 5 (all in the fasting state) are included; the
regression equation is: ln(IKBKAP diff � 1) � �2.17 � 0.35 
 ln kinetin,
where IKBKAP diff is the difference between IKBKAP mRNA level at
baseline and at 8 d, and kinetin is the kinetin level achieved at day 8. The
outlier is marked with an arrow. (2b) The outlier has been removed; the
regression equation is: ln(IKBKAP diff � 1) � �2.31 � 0.38 
 ln kinetin.
Note that the confidence intervals are much narrower, indicating a stronger
association (r � 0.63, p � 0.001).
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from the higher dose cohorts 4, 5, and 6, and all reported
effects lasted less than 24 h (Table 4).
Comparison of IKBKAP mRNA levels at 8 d when kinetin

is administered with and without food. The median IKBKAP
mRNA levels at 8 d for subjects who took the highest kinetin
dose in the fasting (cohort 5) and in the fed state (cohort 6)
were 5.25 (interquartile range �IQR� � 1.89) and 5.30 (IQR �
1.20), respectively. There was no difference in IKBKAP
mRNA levels at 8 d between these two groups. The median
change from the baseline IKBKAP mRNA level for subjects
taking kinetin in the fasting state was 1.10 (IQR � 1.17) and
in the fed state was 1.43 (IQR � 0.83). There was no
difference in the change in IKBKAP mRNA levels from
baseline at 8 d between the two groups.

DISCUSSION

This article addresses several fundamental issues relevant to
kinetin’s role as a potential therapeutic agent for individuals
affected with FD. We confirm that oral administration of
kinetin results in plasma levels equivalent to cell culture
concentrations reported to affect IKBKAP mRNA splicing
(12). Furthermore, we demonstrate that after 8 d of single
daily dosing, normal splicing of IKBKAP is increased and is
dependent on kinetin dose and plasma level.

This is the first demonstration of in vivo modification of
IKBKAP splicing. The measurement of exon 20 inclusion as a
direct marker for splicing alteration has been proven (9,12,13).
The misspliced message is targeted for NMD, however, our
previous molecular studies have shown that blocking NMD
does not alter the effect of kinetin, which targets mRNA
splicing directly due to the presence of a specific “kinetin
response element” at the end of IKBKAP exon 20 (12,13).
Furthermore, kinetin modifies splicing of other genes, other
than the IKBKAP gene, including a neurofibromatosis mutant
(13). Splicing mutations are prevalent in a variety of disorders
including Marfan syndrome, cystic fibrosis, retinoblastoma,
tuberous sclerosis, neurofibromatosis, breast cancer, and spi-
nal muscular atrophy. In fact, carriers and patients with spinal
muscular atrophy increase their SMN transcript and protein
levels after treatment with valproate, which may prove to be
an effective treatment (19). On the basis of the SMN studies
and our current findings, we hypothesize that pharmacologic
treatments can be developed that target a particular type of

mRNA splicing mutation, and that these agents will modify
mRNA splicing and increase protein levels in humans. This
proof-of-principle experiment not only supports moving on to
clinical trials in FD patients, but also promotes wider explo-
ration of splicing defects and alternative splicing as a target
for therapy. mRNA splicing mutations are unique in that they
frequently lead to variable expression of disease, because the
gene retains the ability to code for normal protein. Therefore,
treatment of such disorders does not necessarily require re-
placing gene products that are missing, or designing methods
to obliterate dominant-negative effects; instead the gene can
be targeted directly and expression increased by improving
mRNA splicing. This exciting mechanism for the treatment of
genetic disease is illustrated by this study.

Kinetin follows first-order elimination. Administration with
food did not alter the pharmacokinetic profile. The most
common adverse event was mild-moderate nausea. Gastroin-
testinal symptoms may be decreased by diet or dosing modi-
fications or concomitant use of antiemetics. These concerns
will be addressed in future clinical trials. Within 2 h of the
initial dose at 23.5 mg/kg, 11 of 12 subjects (92%) had kinetin
plasma levels greater than or equal to 2150 ng/mL, which is
equivalent to 10 �M, the minimum concentration observed to
affect IKBKAP splicing in vitro (12). Furthermore, there is a
linear association between log plasma kinetin level and log
change from baseline in IKBKAP mRNA. What remains to be
determined is whether IKBKAP mRNA expression is similarly
affected in neural tissues where missplicing is most profound.
This is the major limitation to our study, and animal models
will be critical to address this question (13).

Although we cannot directly measure splicing changes in
human brain, the CNS distribution of kinetin after acute oral
administration in rats (Sitek studies No. 0849-M208 and No.
0849-1721.4, SITEK Research Laboratories, 2005–2007), tar-
get levels of kinetin were achieved in both blood and brain
tissue. Thus, we are optimistic that kinetin will alter neuronal
splicing. As with any treatment for a neurologic disease, the
true test of efficacy will require careful clinical studies of
suitable biomarkers in patients, because direct sampling of
neuronal tissue is not possible. Our demonstrated ability to
measure splicing changes in peripheral blood provides direct
in vivo evidence that kinetin is targeting the defective gene,

Table 4. Adverse effects and drop outs (highest grade reported)

Cohort N:Sex Nausea Headache Rash Other

1 (3.35 mg/kg/d, fast) 2 F:3 M 0/5 0/5 0/5 0/5
2 (6.7 mg/kg/d, fast) 1 F:4 M 2/5 (mild) 0/5 0/5 0/5
3 (11.1 mg/kg/d, fast) 1 F:4 M 3/5 (mild) 0/5 0/5 0/5
4 (16.8 mg/kg/d, fast) 3 F:4 M 5/7 (moderate),

1/7 (severe)
*1/7 (6 h) 0/7 0/7

5 (23.5 mg/kg/d, fast) 5 F:2 M 1/7 (mild),
3/7 (severe)

0/7 *1/7 (brief facial flushing),
*1/7 (mobilliform on

extremities)

*1/7 (tinnitus and diarrhea)

6 (23.5 mg/kg/d, fed) 2 F:3 M *1/5 (severe with
vomiting),
3/5 (mild)

1/5 (�3 h) 0/5 0/5

* Resulted in drop out.
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and this demonstration of potential efficacy is stronger than
what exists for many drugs on the market today.

In conclusion, kinetin restores exon 20 inclusion in het-
erozygotes of the common FD mutation after 8 d of treatment.
Although induction of nerve growth in FD patients is an
unrealistic expectation, it may be possible to halt the relentless
disease progression and neurodegenerative changes in FD via
up-regulation of IKAP/ELP-1 (20). Although long-term stud-
ies in FD subjects will be necessary to determine whether
splicing modification and subsequent up-regulation of IKAP/
ELP-1 protein will translate into changes in objective mea-
sures of autonomic and sensory function, this mechanism
offers great promise as a new, unexplored direction for phar-
macologic intervention in disease.
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