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FXS is a serious genetic, neurodevelopmental disorder with 
severe impact on intellect, behavior and daily function. 
Children with FXS fall behind neurotypical children with 

respect to intellect and behavioral function from early in develop-
ment1. FXS affects 1 in 4,000 US men and 1 in 8,000 US women 
or upwards of 60,000 people in the United States2. The majority of 
males with FXS present with moderate-to-severe intellectual dis-
ability with an IQ on average in the range of 40–45 and an average 
mental age of 5–6 years2,3. Some men with FXS acquire only rudi-
mentary language skills and more than 50% have autism spectrum 
disorder (ASD). The most severely affected men with FXS may 
be unable to learn to use the toilet independently. FXS has severe 
impact on patients and on families, caregivers and the community 
who provide lifelong care.

The disorder is due to expansion of a CGG repeat sequence in 
the promoter region of the FMR1 gene that encodes the fragile X 
mental retardation 1 protein (FMRP)4,5. Expansion of the CGG 
repeat beyond 200 repeats leads to methylation and full or partial 
silencing of FMR1 depending on the degree of methylation. The 
gene is fully methylated in up to 80% of cases of FXS, which leads to 
an absence of FMRP. FMR1 is expressed in most tissues in the body 
but the brain is the tissue most severely impacted by the absence 
or reduction of FMRP2. Since the FMR1 gene is located on the X 
chromosome, males are affected more than females. Females show a 
broader range of disability due to mosaicism caused by X chromo-
some inactivation during embryonic development. Due to the ran-
domness of X chromosome inactivation in tissue progenitor cells, 

brain development and function can be relatively normal in females 
if the mutant X chromosome is predominantly inactivated, while 
other females may be severely affected if the normal X chromosome 
is predominantly inactivated. About a third of females inheriting an 
FMR1 full mutation develop intellectual disability, typically in the 
mild range, but disability can be moderate or severe. Another third 
are diagnosed with a less severe learning disability and roughly a 
third have normal cognition but may have emotional or behavioral 
issues. Average IQ in females with FXS is in the 75–80 range and 
20% have ASD2,3.

Although supportive behavioral treatment with medications 
addressing symptoms is available, currently there are no spe-
cific therapeutic options that target the underlying disorder or 
treat intellectual disability in FXS and exploration of multiple 
disease-targeting therapeutic strategies has not yet met with suc-
cess3. Negative clinical trial results may reflect issues with trial 
design or clinical development strategy although much has been 
learned6–8.

A consistent observation across patients and FXS animal mod-
els is an alteration in cyclic AMP (cAMP) metabolism. An initial 
report9 of lower basal and stimulated levels of cAMP in platelets 
from patients with FXS compared to patients with other types of 
intellectual disability, such as trisomy 21, was confirmed in subse-
quent studies of human lymphoblastoid cell lines and fibroblasts 
derived from patients with FXS10 and later with human progenitor 
cells carrying a mutant FXS chromosome that had been induced 
to form neuronal cells in cell culture11. Transfection of neural cells 
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with an FMR1 complementary DNA (cDNA) construct and over-
expression of FMRP led to increased cAMP production12. With the 
identification and molecular cloning of FMR1, the observation of 
altered cAMP metabolism was extended to a Drosophila FXS model 
carrying a deletion of the Dfmr1 gene and to a mouse FXS model 
(Fmr1−/− mice) that does not express FMRP11,13. In Drosophila, dele-
tion of Dfmr1 impairs olfactory learning, social interaction and 
courting14. In mice, deletion of the Fmr1 gene causes hyperactivity 
and impairs social interaction15. In both the Drosophila and mouse 
models of FXS, cAMP is decreased in the brain and behavioral defi-
cits are reversed by genetic or pharmacological manipulations that 
restore cAMP levels13,14,16.

In the brain, associative signaling during memory formation 
through the N-methyl-d-aspartate receptor (NMDAR), by increas-
ing intracellular Ca++, increases intracellular cAMP through the 
activation of calcium/calmodulin-dependent adenylate cyclases 
(ADCY1 and ADCY8)17–20. This links Ca++ influx through the 
NMDAR to the early stages of learning and memory which depend 
on cAMP signaling through protein kinase A (PKA) and phosphor-
ylation of the cAMP response element-binding protein (CREB)20–23. 
Associative signaling through the NMDAR receptor occurs in the 
cortex and hippocampus at excitatory synapses on the dendritic 
spines of pyramidal neurons. Dendritic spines are abnormal in 
the human FXS brain and in the mouse Fmr1−/− model24–26. Rather 
than maturing normally, dendritic spines remain long, thin and 
filopodia-like.

cAMP-specific 3′,5′-cyclic PDE4D is a key modulator of cAMP 
levels relevant to learning and memory. The importance of PDE4D 
in the human brain is underscored by the discovery that ultrarare 
missense mutations in PDE4D cause acrodysostosis type 2 with or 
without hormone insensitivity (ACRDYS2), a neurodevelopmental 
disorder associated with intellectual disability (IQ ranging from 24 
to 85)27–30. Positron emission tomography imaging of PDE4D in the 
primate brain with a selective, radiolabeled ligand shows the high-
est levels of expression in the prefrontal cortex and hippocampus31, 
two regions of the brain that are important for intellect and where 
dendritic spine pathology is present in patients and in the Fmr1−/− 
mouse model24–26.

BPN14770 is a first-in-class PDE4D allosteric inhibitor that is 
selective for the dimeric, PKA-activated form of the enzyme32,33. In 
adult male Fmr1−/− mice, dosing with BPN14770 for 2 weeks ame-
liorates multiple behavioral phenotypes, for example, hyperactiv-
ity and decreased social interaction, as well as benefiting natural 
behaviors such as nest building and marble burying16. Behavioral 
improvement is associated with structural changes in dendritic 
spines on pyramidal cells in the prefrontal cortex. Indeed, knock 
down of PDE4D messenger RNA in wild-type mice shows an even 
stronger effect on dendritic spine maturation34. The behavioral 
improvement persists for up to 2 weeks after the last dose of the 
drug or up to 28 times the plasma half-life of BPN14770 in mice 
(t½ = 10–12 h).

In this article, we report the findings from an exploratory, phase 
2, randomized, two-period crossover study of BPN14770 in 30 adult 
male patients with FXS. This study included only male patients 
because this was expected to reduce variability in clinical severity 
and drug response and allow for better detection of efficacy in a 
small exploratory clinical trial. The crossover design facilitated 
participant recruitment since every participant was exposed to the 
active drug and this also allowed us to explore the potential for a 
carryover effect as suggested by the preclinical model. Indeed, a 
substantial carryover effect was observed, which limited the pre-
specified statistical analysis to period 1 only.

Results
Study design and BPN14770 dose selection. This was a ran-
domized, double-blind, placebo-controlled, two-period crossover 

study. The study enrolled 30 male participants aged 18–41 years 
with FXS due to an FMR1 full mutation (>200 CGG repeats). 
Each treatment period in the two-period crossover was 12 weeks 
in duration with no washout between periods. Participants were 
randomized to the treatment sequence BPN14770 crossing over 
to placebo (that is, treatment sequence A-B) or placebo crossing 
over to BPN14770 (that is, treatment sequence B-A). Participants, 
parents/caregivers and clinician raters were blinded to treatment. 
Clinical safety and efficacy end points were assessed at baseline 
and during the week 6 and week 12 clinic visits within each period. 
Participants received twice daily oral doses of 25 mg of BPN14770 
or matching placebo. The BPN14770 25 mg twice-daily dose 
was selected to provide sufficient plasma exposure to explore 
potential efficacy (Cmin approximately 100 ng ml−1) but remain 
below the threshold for nausea and emesis established in phase 1 
ascending dose studies in healthy individuals (Cmax approximately 
1,500 ng ml−1).

Participants. A total of 30 individuals were screened at a single 
center with no screen failures; all 30 individuals were random-
ized and all completed the 2 periods; thus, the analysis populations 
(safety, intent to treat (ITT) and completers) were all the same, that 
is, included all 30 individuals. Extended Data Fig. 1 provides the 
CONSORT diagram of individual participation and completion. 
The clinical portion of the study was conducted from 9 July 2018 
when the first individual was enrolled to 31 July 2020 when the last 
study visit with the last individual occurred.

Demographic and other baseline characteristics for the study 
population are summarized in Extended Data Fig. 2. Participants 
enrolled averaged 31.6 years of age. All were male with the major-
ity white (86.7%) and non-Hispanic/non-Latino (93.3%) with a 
median body mass index of 27.3 kg m−2. The median Stanford–
Binet z-deviation full-scale IQ35 was 42.6 and ranged from 24.6 
to 66.2, which indicated that participants were mildly to severely 
intellectually impaired. At baseline, 36.7% of participants were 
assessed as mildly ill, 43.3% as moderately ill and 20% as markedly 
ill based on the Clinical Global Impression-Severity scale (CGI-S). 
There were no notable demographic or medical history differences 
between participants randomized to the treatment sequences A-B 
or B-A. Comorbidities and medical histories were consistent with 
those expected for men with FXS, but some participants had more 
remarkable medical histories (for example, scoliosis, cholecystec-
tomy, atrophic kidney, seizures, Gilbert syndrome); none had seri-
ous or chronic unmanaged conditions.

Before enrollment and throughout the study, 87% of participants 
were on concomitant medications typical for this population, with 
the most common (>10% of participants) being analgesics, antibac-
terials, antidiarrheals, antihistamines, metformin (6 participants; 3 
in the treatment sequence A-B and 3 in the B-A treatment sequence), 
lipid-modifying agents, mineral supplements, nasal preparations, 
acamprosate (4 participants, 2 in treatment sequence A-B and 2 in 
the B-A treatment sequence), psychoanaleptics (14 participants) 
including citalopram, escitalopram, fluoxetine and methylphenidate 
hydrochloride, psycholeptics (14 participants) including aripipra-
zole, buspirone, risperidone and olanzapine (Anatomic Therapeutic 
Chemical level 2 classification of the World Health Organization 
Drug Dictionary). There was no systematic difference in the use of 
medications between the two treatment sequence groups.

Participants demonstrated good compliance with their study 
medication, with most compliance percentage rates (based on 
expected versus returned pill counts) showing well over 80% com-
pliance across all visits. Notably, the pharmacokinetic concentra-
tions collected at week 12 within each drug period showed that all 
participants had plasma BPN14770 concentrations within the range 
expected, which provided additional assurance of compliance with 
study medication.
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Safety and tolerability of BPN14770. The study met the pri-
mary end point of BPN14770 safety and tolerability. All partici-
pants enrolled in the study completed the study; there were no 
discontinuations (Extended Data Fig. 1). The most common 
treatment-emergent adverse events (TEAEs) were vomiting and 
upper respiratory tract infection, with no meaningful differences 
between the treatment arms (Table 1). All other events reported in 
the BPN14770 arm occurred in only one patient each, with no toler-
ability issues identified in any patient. There was no TEAE judged 
by the investigator to be at least possibly related to treatment with 
BPN14770.

There was one serious adverse event (SAE), severe septic olec-
ranon bursitis, that the investigator and medical monitor assessed 
as an intercurrent illness unrelated to the study drug. There were 
no clinically important abnormalities in clinical laboratory values 
except for the individual experiencing severe septic olecranon bur-
sitis who had increases in alanine aminotransferase (ALT), aspartate 
aminotransferase (AST) and alkaline phosphatase, which returned 
to baseline after the resolution of the SAE. There were no overall 
changes in electrocardiograms, no increases from baseline in QTcF 
or QTcB interval and no values over 500 ms were observed at any 
time during the study. There was no change in suicidal ideation or 
in clinically notable self-injurious behaviors.

Persistence of effect and carryover from period 1 to period 2. 
Statistical analyses of secondary outcome measures were performed 
taking into account the crossover design characteristic of the study, 
that is, including data from both period 1 and period 2. However, 

according to the a priori statistical analysis plan included in the 
study protocol, a predefined analysis of period 1 only (the first 
12 weeks of the study) was to be performed if a meaningful car-
ryover effect into period 2 was observed. Preclinical data suggested 
persistence of drug effect may extend well beyond the last dose of 
the study medication16; thus, this preplanned aspect of the analysis 
was included in the original protocol and statistical analysis plan. 
Furthermore, since measurable but very low BPN14770 plasma 
concentrations were evident as long as 12 weeks after the last dose 
from period 1 to period 2 in most participants, it was concluded that 
the period 1 only outcomes were the most appropriate results from 
which to form the basis for conclusions regarding the outcomes of 
this study.

Cognitive benefit of BPN14770. The study met multiple second-
ary efficacy measures. Two direct measures of cognitive perfor-
mance were completed by participants on an iPad or computer, 
the National Institutes of Health-Toolbox Cognition Battery 
(NIH-TCB)36 and the Test of Attentional Performance for Children 
(KiTAP)37. The NIH-TCB is a battery of extensively validated, 
computer-administered cognitive tests with utility across child-
hood and adolescence, early adulthood and old age. The NIH-TCB 
assessments have been adapted for participants with intellectual dis-
ability and have been designed to minimize the floor and ceiling 
effects that are often present in testing batteries designed for the 
general population38,39. The NIH-TCB tests selected for the study 
were Cognition Crystallized Composite, Picture Vocabulary, Oral 
Reading Recognition, Pattern Comparison Processing Speed and 
Picture Sequence Memory. The Cognition Crystallized Composite 
score combines the Picture Vocabulary and Oral Reading scores 
and has been scaled to correlate with IQ39.

Figure 1a and Table 2 provide the summary of the NIH-TCB pri-
mary uncorrected standard scores analyses through period 1 only. 
Higher scores for the NIH-TCB indicate better function. These 
results revealed the statistically significant benefit of treatment with 
BPN14770 over placebo in the Cognition Crystalized Composite 
(least squares (LS) mean difference +5.31, P = 0.0018), Picture 
Vocabulary (+5.81, P = 0.0342) and Oral Reading Recognition 
(+2.81, P = 0.0157). Furthermore, while not statistically signifi-
cant, both Picture Sequence Memory and Pattern Comparison 
Processing Speed each demonstrated strong numerical trends 
favoring BPN14770 treatment over placebo.

The KiTAP assessed attention and inhibition, measures of 
executive function, as the participants explored an enchanted 
castle presented on a computer. Go/No-Go errors were statisti-
cally significantly reduced in the BPN14770 arm versus placebo 
(LS mean difference −2.78, P = 0.0425). Alertness mean reaction 
time improved (decreased) in the BPN14770 arm versus placebo, 
although this finding was not statistically significant (Fig. 1 and 
Table 2).

Efficacy outcomes measured by parent/caregivers. The study 
also met secondary efficacy measures assessed by parent/care-
givers. Visual Analog Scales (VAS) were constructed for three 
domains: daily functioning; anxiety/irritability; and language, using 
patient-specific behavioral anchors selected by the parents/care-
giver rater. As examples, behavioral anchors selected for daily func-
tioning were ‘cleaning up after himself/shaving’, ‘fewer reminders 
needed for daily activity’ and ‘staying on task to leave house with 
fewer prompts’. For language, examples of behavioral anchors were 
‘perseverating on certain topics/appropriate conversation’, ‘flow of 
conversation- varied topics’ and ‘longer, clearer sentences’. Each 
of the VAS outcomes for the period 1 only analysis favored the 
BPN14770 arm over placebo with statistical significance that was 
judged to be clinically meaningful for language (LS mean difference 
+14.04, P = 0.0051) and daily functioning (+14.53, P = 0.0017) on 

Table 1 | Incidence of TEAEs sorted in descending incidence in 
the BPN14770 25-mg group (safety population)

Medical Dictionary for Regulatory 
Activities preferred term

BPN14770 25 mg 
twice daily, n = 30, 
n (%)

Placebo, 
n = 30, n (%)

At least one TEAE 11 (36.7) 8 (26.7)

Vomiting 3 (10.0) 2 (6.7)

Upper respiratory tract infection 2 (6.7) 3 (10.0)

Abdominal pain 1 (3.3) 0 (0)

Dyspepsia 1 (3.3) 0 (0)

Infective bursitis 1 (3.3) 0 (0)

Streptococcal pharyngitis 1 (3.3) 0 (0)

Sinusitis 1 (3.3) 0 (0)

ALT increased 1 (3.3) 0 (0)

AST increased 1 (3.3) 0 (0)

Blood alkaline phosphatase 
increased

1 (3.3) 0 (0)

Rotator cuff syndrome 1 (3.3) 0 (0)

Headache 1 (3.3) 0 (0)

Insomnia 1 (3.3) 0 (0)

Anal incontinence 0 (0) 1 (3)

Diarrhea 0 (0) 2 (6.7)

Tooth infection 0 (0) 1 (3.3)

Bruxism 0 (0) 1 (3.3)

Enuresis 0 (0) 1 (3.3)

Urinary incontinence 0 (0) 1 (3.3)

Hiccups 0 (0) 1 (3.3)

Blister 0 (0) 1 (3.3)
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a scale from 0 = worst behavior to 100 = best behavior (Fig. 1b and 
Table 2).

Other outcome measures scored by parent/caregivers showed 
numerical trends in favor of BPN14770 over placebo. The Aberrant 
Behavior Checklist (ABC) showed a numerical trend for improve-
ment in inappropriate speech, stereotypy, hyperactivity and irri-
tability (Fig. 1d), while the Anxiety, Depression, and Mood Scale 
(ADAMS) showed a numerical trend for improvement in all sub-
scales (Fig. 1e).

Efficacy outcomes measured by physician raters. There was no 
change in the CGI-S in either treatment sequence. Although not 
statistically significant, the CGI-Improvement (CGI-I), when 
dichotomized as ‘improved’ versus ‘not improved’, demonstrated a 
numerically better distribution for improvement for the BPN14770 
arm, with 26.7% of BPN14770-treated participants and 6.7% of 
placebo-treated participants improving from baseline according to 

clinician/investigator assessment (Table 2). The Vineland-3 adap-
tive behavior scores were numerically slightly lower on BPN14770 
relative to placebo, but none of the changes in Vineland-3 subscale 
scores were statistically significant (Fig. 1f).

Persistence of effect after last dose of BPN14770. In general, there 
was a persistence of effect in the crossover from BPN14770 to pla-
cebo, while participants crossing over from placebo to BPN14770 
showed improvement when exposed to BPN14770. The LS mean 
change from baseline values through week 24 for the NIH-TCB 
(Fig. 2a–c) and VAS caregiver rating scales (Fig. 2d–f) is shown 
by treatment sequence group. Of note was the marked persistence 
in improvement on the VAS scores through the full 12 weeks of 
period 2 for those participants in the BPN14770 to placebo treat-
ment sequence group and the notable improvements in the placebo 
to BPN14770 treatment sequence group during period 2 after par-
ticipants crossed over from placebo to treatment with BPN14770 
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Fig. 1 | Forest plots of clinical outcomes. a–f, Forest plots for the clinical outcomes as assessed using the NIH-TCB (a), VAS parent/caregiver rating scales 
using patient-specific behavioral anchors (b), KiTAP (c), ABC (d), ADAMS (e) and Vineland-3 assessment of adaptive behaviors (f). Data are presented for 
period 1 only showing the LS mean difference (±95% CI) between BPN14770 and placebo on change from baseline through week 12 (n = 15 BPN14770 and 
15 placebo participants, except n = 14 placebo participants for Vineland-3). The LS mean difference and 95% CI were obtained from the MMRM model and 
reflect the overall treatment effect during period 1 (including data from both weeks 6 and 12) from a model that included treatment, visit, predose baseline 
covariate and baseline Stanford–Binet full IQ score as fixed effects, with participant as a random effect.
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(Fig. 2d–f). By the end of the 24-week study, participants in the 
BPN14770 to placebo treatment sequence group displayed a nearly 
25-point improvement in language from baseline. The period 2 only 
analysis of BPN14770 versus placebo did not show statistical signifi-
cance due to the persistence of effect in the period 2 placebo group.

Biomarker assessments. Exploratory biomarkers showed numeri-
cal superiority for BPN14770 over placebo but did not reach sta-
tistical significance (Fig. 3). For the event-related potential (ERP) 
analysis, there was a trend for reduced N1 amplitude scores to the 
first paired stimulus (LS mean difference +0.39 µV; 95% confidence  

Table 2 | Period 1–only domain and overall end point change from baseline through week 12

Pairwise comparison  
(BPN14770 minus placebo)

Assessment Domain Placebo 
n

BPN14770 
25 mg n

Placebo 
LS mean

BPN14770 
25 mg LS 
mean

LS mean 
difference

95% CI P versus 
placebo

Favors 
BPN14770 
(+)

NIH-TCB Cognition Crystallized 
Composite

15 15 −3.118 2.172 5.29 2.16, 8.42 0.0018 +

Picture Vocabulary 15 15 −3.212 2.574 5.79 0.47, 11.11 0.0342 +
Oral Reading Recognition 15 15 −1.77 1.025 2.80 0.57, 5.02 0.0157 +
Picture Sequence Memory 15 15 1.404 7.391 5.99 −2.65, 14.63 0.1638 +
Pattern Comparison 
Processing Speed

15 15 6.7 1.307 −5.39 −12.24, 1.45 0.1172 +

KiTAP Go/No-Go errors 15 15 1.26 −1.53 −2.78 −5.47, −0.10 0.0425 +
Go/No-Go correct 15 15 0.56 0.54 −0.02 −1.45, 1.41 0.9756

Flexibility errors 15 15 −0.08 0.08 0.17 −0.91, 1.25 0.7543

Flexibility correct 15 15 0.01 0.35 0.34 −2.11, 2.79 0.7777

Distractibility errors 
(distractor)

15 15 0.71 −0.71 −1.42 −3.67, 0.84 0.2070 +

Distractibility correct 
(distractor)

15 15 0.32 −0.62 −0.93 −3.32, 1.45 0.4281

Alertness mean reaction 
time (ms)

15 15 111.4 −45.1 −156.5 −390.4, 77.29 0.1805 +

VAS Daily functioning 15 15 −3.51 11.01 14.53 6.01, 23.04 0.0017 +
Anxiety/irritability 15 15 5.96 9.07 3.10 −6.44, 12.65 0.5091 +
Irritability/language 15 15 3.86 17.91 14.04 4.60, 23.49 0.0051 +

ABC Irritability 15 15 0.91 −0.71 −1.62 −5.01, 1.77 0.3350 +
Lethargy/withdrawal 15 15 0.8 0.87 0.07 −2.22, 2.35 0.9522

Stereotypy 15 15 0.88 −0.81 −1.69 −3.87, 0.49 0.1234 +
Hyperactivity 15 15 1.19 −0.12 −1.31 −3.46, 0.85 0.2237 +
Inappropriate speech 15 15 0.56 −1.03 −1.60 −3.48, 0.29 0.0937 +
Social avoidance 15 15 0.08 0.18 0.10 −1.49, 1.69 0.9003

ADAMS Manic/hyperactive disorder 15 15 −1.11 −1.36 −0.25 −1.75, 1.24 0.7288 +
Depressed mood 15 15 0.15 −0.49 −0.64 −2.53, 1.26 0.4944 +
Social avoidance 15 15 −0.14 −1.59 −1.45 −4.13, 1.24 0.2786 +
General anxiety 15 15 −0.79 −1.41 −0.62 −3.00, 1.76 0.5970 +
Obsessive compulsive 
disorder behavior

15 15 0.04 −0.24 −0.28 −1.40, 0.84 0.6124 +

Vineland-3 Adaptive behavior composite 14 15 −3.2 −4.48 −1.27 −5.87, 3.33 0.5742

Communication standard 
score

14 15 −1.59 −2.85 −1.26 −5.67, 3.15 0.5619

Daily living skills standard 
score

14 15 −2.01 −4.46 −2.45 −6.87, 1.96 0.2636

Socialization standard score 14 15 −5.48 −5.81 −0.33 −8.03, 7.37 0.9305

CGI Severity 15 15 −0.06 −0.04 0.02 −0.10, 0.14 0.7271

Improvement 15 15 3.91 3.76 −0.15 −0.40, 0.12 0.2238 +

Data shown are the clinical assessment tool, domain, number of individuals for each group, LS mean for each group and pairwise comparison between BPN14770 and placebo. All tests were two-sided 
with no adjustments for multiplicity. Statistics were estimated based on an ANCOVA model with fixed terms for treatment, baseline domain score and baseline Stanford–Binet full IQ covariates. Data were 
missing in the Vineland-3 for 1 placebo-treated individual at week 12, period 1. See the relevant sections above for details on the outcomes for each end point. Bold font indicates statistical significance 
(P = 0.05) in favor of BPN14770.
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interval (CI) −0.07, 0.85 µV; P = 0.0884, n = 12 BPN14770 and 
9 placebo participants). Interestingly, the ITT analysis showed  
the same numerical trend for reduced N1 amplitude (LS mean  

difference +0.29 µV; 95% CI −0.02–0.60 µV; P = 0.0681; n = 22 
BPN14770 and 23 placebo participants), which indicated less 
potential for carryover of effect in the ERP analysis from period  
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1 to period 2 in the treatment sequence A-B (BPN14770 to placebo)  
(Fig. 3a). N1 habituation to the second paired stimulus, P2 ampli-
tude, and P2 latency after a standard or oddball stimulus were 
unchanged. For eye tracking, an assessment of social gaze behav-
ior40, there were trends for increased time spent looking at eyes and 
decreased time spent looking at noses and mouths; however, only 
10 BPN14770 and 7 placebo participants completed the eye track-
ing test at baseline and at the period 1, week 12 visit (Fig. 3b). The 
differential change from looking at the nose/mouth to time spent 
looking at the eyes was +14.74%.

Pharmacokinetic assessment. Blood samples drawn at week 12 
of each period showed that all study participants had plasma lev-
els of BPN14770 within the expected range (535 ± 74 ng ml−1; 
mean ± s.e.m.). Pharmacokinetic sampling in the treatment 
sequence of period 1 BPN14770 to period 2 placebo revealed low 
(0.5–18 ng ml−1) but measurable levels of BPN14770 in the period 2 
plasma samples up to 12 weeks after the last dose.

Discussion
There are no approved pharmacological treatments for FXS and 
thus no demonstrated precedent efficacy end points that have been 
validated from a clinical and regulatory viewpoint. Thus, the pri-
mary outcome measures of this study were safety and tolerabil-
ity. Prespecified secondary efficacy outcome measures prioritized 
cognitive performance, followed by subjective caregiver and phy-
sician rating scales. Each end point was assessed independently, 
while overall conclusions are based on a preponderance of evi-
dence and clinical relevance of outcomes. This was an exploratory, 
hypothesis-generating study, so there was no statistical correction 
for multiple comparisons. This approach allowed for examination of 
a wide range of outcomes to assess where, in the multimodal spec-
trum of symptoms in FXS, BPN14770 might have clinical benefit.

This study met the primary objectives by showing that treatment 
with 25 mg of BPN14770 twice daily for 12 weeks was well tolerated 
in a population of males with FXS and aged in their mid-30s. All 
participants completed the study with no discontinuations. There 
were no deaths and no TEAEs resulting in discontinuations. One 
SAE (severe septic olecranon bursitis) occurred during BPN14770 
treatment but was judged by the investigator to be unrelated to 
the study treatment. No other significant TEAEs occurred during 
this study. Notably, effects on the gastrointestinal tract (nausea, 
diarrhea and vomiting) were minimal. Marketed PDE4 inhibitors 
(apremilast and roflumilast) have dose-limiting tolerability due to 
nausea, vomiting and diarrhea, all of which would be unacceptable 

in a patient with intellectual disability due to increased burden of 
care. The TEAEs seen in this study of BPN14770 were vomiting and 
upper respiratory tract infection; however, there were no meaning-
ful differences between the treatment arms. For example, there were 
three isolated incidents of vomiting on BPN14770 and two inci-
dents of vomiting on placebo. There was no evidence that partici-
pants with intellectual disability and autism spectrum disorder were 
more sensitive to gastrointestinal disturbance, nor concern that lack 
of tolerability might allow participants to differentiate active from 
placebo arms of the crossover study. Given the very good tolerabil-
ity of BPN14770 in this study, higher doses could be explored in 
future clinical studies.

Despite the small size of the study, there was a statistically sig-
nificant improvement in language as assessed directly using the 
tablet-based assessment tools of the NIH-TCB and as assessed sub-
jectively by the parent/caregiver using a VAS. The improvement in 
the language and daily functioning domains of the VAS was judged 
to be clinically meaningful. Moreover, the preponderance of other 
clinical assessments (KiTAP, ABC, ADAMS and CGI-I) showed a 
numerical trend for improvement by BPN14770. The improvement 
in language function and communication would be particularly 
beneficial in participants with FXS and is an area of special need 
identified by FXS patient advocacy groups2,41.

Given the potential mechanism of action of BPN14770 on the 
rewiring of excitatory cortical connections on dendritic spines, we 
prioritized cognitive assessments performed by the patients as the 
key secondary efficacy measure with caregiver and physician rating 
scales as additional secondary efficacy measures. The study met the 
key secondary outcome of cognitive benefit as assessed using the 
NIH-TCB. The Cognition Crystallized Composite score has been 
scaled to correlate with IQ, which indicates that BPN14770 is acting 
to improve intellect in patients with intellectual disability in whom 
the typical IQ range is 40–45. Given that the range of observed 
Cognition Crystallized Composite score values was 53 (minimum to 
maximum) at baseline, this reflects a 10% change on the scale range 
observed which would generally be a meaningful treatment benefit. 
Given the low P values, the effect size as assessed by Cohen’s d is 
very high. In his original paper, Cohen suggested that d = 0.2 should 
be considered a small effect size, 0.5 should represent a medium 
effect size and 0.8 should indicate a large effect size. Table 3 shows 
that the Cohen’s d values for the NIH-TCB Cognition Crystallized 
Composite score and supportive caregiver assessments using a VAS 
for language and daily functioning ranged from 0.7 to 0.9.

The analysis of secondary efficacy outcomes followed a pre-
specified statistical analysis plan; however, a limitation is that no 
correction was made for multiplicity of testing due to the explor-
atory nature of the trial. Also, the decrement in the placebo group 
on some of the NIH-TCB outcome measures may have contrib-
uted to the findings. Nevertheless, the assumption in a randomized 
clinical trial is that differences between the active drug and placebo 
are attributable to the drug. Further studies in larger cohorts are 
planned and will help to evaluate the potential treatment benefit of 
BPN14770 in a broader fashion.

There was significant persistence of effect in the treatment 
sequence period 1 BPN14770 to period 2 placebo. The improve-
ment in language and daily function was maintained or continued to 
improve 12 weeks after the last dose of BPN14770. The persistence 
of effect could be due to carryover of BPN14770 due to extended 
washout or due to more enduring effects on brain function as sug-
gested by the preclinical studies in Fmr1−/− mice16.

A limitation of the study is that no washout was planned between 
period 1 and period 2. The specific reason for omitting a washout 
between periods was logistical, in that the double-blind portion of 
the study was already 24 weeks long and inclusion of the additional 
time and visits required for a washout was judged to be prohibitive 
for this target population (for both patients and caregivers). The use 

Table 3 | Calculation of effect size based on Cohen’s d

Parameter Baseline 
range

Treatment 
difference 
between 
BPN14770 
and 
placebo

s.d. of 
differences

P Cohen’s 
d

NIH-TCB 
Cognition 
Crystallized 
Composite

28–81 5.3 5.9 0.0009 0.9

VAS daily 
functioning

1–96 14.5 16.4 0.0009 0.9

VAS language 1–93 14 19 0.004 0.7

P values were estimated from the MMRM with fixed terms for treatment, baseline domain score 
and baseline Stanford–Binet full IQ covariates. All tests were two-sided with no adjustments for 
multiplicity.
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of a crossover design was driven by consideration that in this rare 
syndrome, enrollment would be limited by patient availability and 
we were seeking to obtain safety and efficacy information on every 
possible patient. Finally, we felt that recruitment would be facili-
tated if all participants had the opportunity to be exposed to the 
active drug as well as placebo.

The ERP and eye tracking biomarker assessments also favored 
BPN14770. Abnormally large ERP amplitudes, dissociable from 
habituation deficits, are an established biomarker in FXS42; therefore, 
the trend toward decreased N1 ERP amplitudes with BPN14770 is 
also likely a trend for improvement. Eye gaze behavior is altered in 
FXS consistent with other social behaviors that are altered in ASD. 
Looking at the eyes when presented with pictures of faces was shown 
previously to be modulated in patients with FXS exposed to mavo-
glurant40. We also observed a numerical trend for looking at the eyes 
compared to the nose or mouth in patients treated with BPN14770 
compared to placebo, although group size was insufficient for statis-
tical significance as not all patients completed the assessment.

The results of this trial represent an important step toward vali-
dating a scientifically based approach to the treatment of FXS. By 
inhibiting the enzymatic activity of PDE4D, BPN14770 increases 
the levels of cAMP in the brain and other tissues43, potentially over-
coming the deficits of lower basal and stimulated levels of cAMP 
thought to be fundamental to this condition9–11. More broadly, 
this mechanism of drug action may be applicable to other neuro-
developmental disorders involving intellectual disability including 
ACRDYS2 due to activating mutations in PDE4D44, nonsyndromic 
intellectual disability due to CC2D1A mutation45, Rubinstein–Taybi 
syndrome46, Menke–Hennekam syndrome47, Phelan–McDermid 
syndrome48 and others.

The overall pattern of benefit seen in this randomized, 
placebo-controlled, exploratory study of BPN14770 in FXS, includ-
ing improved language function on cognitive tests and parent/care-
giver perception of benefit for language and daily function, as well 
as the directionality of change toward improvement on multiple 
other clinical measures and biomarkers, is consistent with an effect 
of BPN14770 on cortical circuitry and addresses a core deficit in 
patients with FXS. Together with evidence of good tolerability, the 
preliminary indication of cognitive efficacy justifies expanded clini-
cal trials of BPN14770 in FXS. Although this study was too small in 
size and scope, as a phase 2 trial, to attempt to delineate responder 
characteristics, future larger studies could incorporate methodol-
ogy to assess whether parameters that may underly variability in 
FXS, such as FMR1 mosaicism status, FMRP levels and comorbid 
diagnosis of ASD, have an impact on response to BPN14770 (ref. 49). 
Future clinical trials in FXS should also include children to explore 
benefit during neurodevelopment and women, who comprise a 
genetically heterogeneous population where both the mutant and 
wild-type FMR1 genes are present and expressed.
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Methods
Study design and ethical approval. This was a single-center, phase 2, randomized, 
double-blind, placebo-controlled, two-period crossover study to obtain 
preliminary assessment of the efficacy and safety of BPN14770 in adult males with 
FXS (ClinicalTrials.gov identifier: NCT03569631).

The study protocol, participant information and consent form, investigational 
brochure, available safety information, participant recruitment procedures (for 
example, advertisements), information about payments and compensation 
available to participants and documentation evidencing the investigator’s 
qualifications were submitted to the institutional review board at the clinical site, 
Rush University Medical Center, for ethical review and approval according to local 
regulations, before the study started. The study was performed in accordance with 
ethical principles according to the Declaration of Helsinki (Fortaleza, October 
2013), seventh revision, 64th World Medical Association General Assembly 
Meeting and are consistent with the International Conference on Harmonization/
good clinical practice, applicable regulatory requirements and the sponsor or its 
delegate’s policy on bioethics. Participant recruitment was managed by the clinical 
site and was supplemented through the efforts of FXS patient advocacy groups.

Participant eligibility. Eligible participants included men aged 18–45 years 
inclusive with a diagnosis of FXS and a molecular genetic confirmation of an 
FMR1 full mutation (≥200 CGG repetitions). The study enrolled only men since 
they have the full FMR1 mutation in all of their cells while women are genetically 
mosaic due to X chromosome inactivation during early embryonic development 
and therefore are more diverse in clinical impairment. Participants were allowed 
current treatment with no more than three prescribed psychotropic medications. 
Antiepileptic medications were permitted and were not counted as psychotropic 
medications if they were used for the treatment of seizures. Antiepileptics for 
other indications, such as the treatment of mood disorders, counted toward the 
limit of permitted medications. Permitted concomitant psychotropic medications 
must have been at a stable dose and dosing regimen for at least two weeks before 
screening and must have remained stable during the period between screening and 
the commencement of study medication.

Study conduct. The study consisted of a screening period of up to 28 d before 
initial study drug administration, followed by two 12-week double-blind treatment 
periods. The screening and baseline visits occurred at the same time, provided 
the results of safety labs were obtained. No washout period was utilized between 
double-blind treatment periods; instead, efficacy and biomarker assessments 
during the second double-blind period (period 2) were obtained after a minimum 
of six weeks to allow for drug washout. A final follow-up phone contact for safety 
was planned one week after the conclusion of period 2.

Randomization and masking. Eligible participants were randomized to treatment 
sequence in a blinded, balanced (1:1) fashion, to receive either 25 mg of BPN14770 
twice daily or matching placebo during period 1, followed by the opposite 
treatment during period 2. Thus, 15 participants were included in each treatment 
sequence. A computer-generated randomization scheme was prepared before 
the study started. The randomization was not stratified by any covariate or other 
baseline characteristic.

Participants and study staff were blinded to treatment assignments. Only the 
research pharmacy was unblinded to treatment assignments to provide the correct 
capsules in the blinded bottles to be distributed to participants as a 32-count bottle. 
The study remained blinded until all participants completed all study procedures 
and the clinical database was locked.

BPN14770 treatment. BPN14770 25 mg or placebo was administered orally twice 
daily for 12 weeks. One capsule was to be taken orally in the morning and one 
capsule was to be taken orally at night, with at least 120 ml (4 ounces) of liquid. 
Doses should have been taken at least 6 h apart and at least 30 min before or 1 h 
after meals. BPN14770 or placebo were provided as a hard capsule in an excipient 
blend. Participants were permitted to open the capsules and sprinkle the contents 
on food (applesauce) if they were unable to swallow the intact capsule. To monitor 
compliance, participants were asked to keep a daily record of all doses taken or 
missed and return all unused study drug at each study visit and at the end  
of the study.

Primary and secondary efficacy measures. Primary outcome measures included 
the incidence of TEAEs. Secondary outcome measures included: (1) the NIH-TCB: 
(a) Cognition Crystallized Composite; (b) Picture Vocabulary; (c) Oral Reading 
Recognition; (d) Picture Sequence Memory; and (e) Pattern Comparison 
Processing Speed; (2) KiTAP; (3) VAS using patient-specific behavioral anchors to 
assess domains of (a) language, (b) anxiety/irritability and (c) daily function;  
(4) ABC; (5) ADAMS; (6) CGI-S; (7) CGI-I; (8) Vineland-3 assessment of  
adaptive behavior; (9) ERPs; and (10) assessment of social gaze by eye tracking.

To quantify cognitive ability at baseline, the Stanford–Binet 5 was administered 
to all participants and scored by the z-deviation method published by Sansone 
et al.35 to give accurate IQ values not impacted by floor effects expected in 
individuals with intellectual disability. Cognitive performance throughout  

the study was assessed using tests that could be performed by the participant 
on a iPad or computer. The NIH-TCB, KiTAP, VAS, CGI-S and CGI-I were 
assessed at the week 6 and week 12 study visits of each period. The ABC, ADAMS, 
Vineland-3, ERP and eye tracking were assessed only at the week 12 study visit at 
the end of each period.

The NIH-TCB tests were administered on an iPad and adapted for participants 
with intellectual disability (NIH-TCB v.2.0).38 The KiTAP is an executive function 
test administered on a computer, for which multiple subtests have been shown 
to be feasible and reproducible in FXS37. The predefined end points selected for 
the study were alertness mean reaction time, distractibility correct (distractor), 
distractibility errors (distractor), flexibility correct, flexibility errors, Go/
No-Go correct, and Go/No-Go errors. The caregiver VAS used patient-specific 
behavioral anchors (0 = worst behavior, 100 = best behavior) and assessed 
domains of language, anxiety/irritability and daily function. The ABC is a 58-item 
parent/caregiver rating scale that has been subjected to factor analysis for FXS; 
in the resulting scoring modification, it was used to assess behaviors across 
six dimensions or subscales: irritability; hyperactivity; lethargy/withdrawal; 
stereotypy; inappropriate speech; and social avoidance. The ADAMS is a 28-item 
behavior-based informant instrument rated by the parent/caregiver and has 
been used to assess anxiety, depression and mood disorders in individuals with 
intellectual disability.

Biomarker assessments. Biomarker assessments included measurement of ERPs 
and eye tracking. Assessment of the ERP measured auditory habituation to trains 
of repeated stimuli, resting state alpha and gamma power and auditory oddball 
responses42. An electroencephalogram (EEG) was continuously recorded and 
digitized at 512 Hz, with a 5th order Bessel anti-aliasing filter at 200 Hz, using a 
32-channel BioSemi ActiveTwo system (BioSemi). All sensors were referenced 
to a monopolar reference feedback loop connecting a driven passive sensor 
and a common-mode-sense active sensor, both located on the posterior scalp. 
Participants completed three tasks: auditory habituation, which consisted of 
150 paired 50-ms white-noise bursts 500 ms apart, with each pair separated by a 
4,000 ms interstimulus interval; auditory oddball, which consisted of 432 ‘standard’ 
tones (1,000 Hz; 90% of stimuli) and 48 ‘oddball’ tones (2,000 Hz; 10% of stimuli); 
and resting EEG consisting of two sets of 1 min sitting quietly with eyes open 
followed by 30 s eyes closed. Auditory tasks were presented at 70 dB sound pressure 
level via headphones. Data were filtered at 0.5–100 Hz, artifacts were removed 
using independent component analysis and referenced to average reference. For 
auditory habituation and oddball, N1 ERP amplitudes were calculated as the most 
negative peak across frontocentral electrodes between 50 and 200 ms poststimulus. 
For resting EEG, the alpha power was calculated separately for eyes open and eyes 
closed conditions using a 1-s moving window fast Fourier transform with 50% 
overlap across occipital electrodes. Gamma power was calculated for eyes open 
only across all electrodes using the same fast Fourier transform technique.

Assessment of social gaze behavior by eye tracking to faces was in a quiet room 
with the lights turned off. The eye tracker (Tobii Eye Tracker Technology) was 
calibrated for each participant at the beginning of each session. After calibration, 
participants viewed pictures of faces (calm, fearful or happy) shown on the 
screen as described by Hessl40. Each assessment began with the presentation of a 
scrambled face image for 1 s followed immediately by its matched face image for 
3 s. An intertrial interval containing a uniform gray screen was shown for 0.5, 1 or 
2 s, determined randomly. The order of face presentation was pseudorandomized 
and each eye tracking session lasted approximately 6 min. Measurements included 
looking time to the eye region of interest and number of fixations to the eye, nose 
or mouth, as well as pupil dilatation by pupillometry.

Safety outcomes. Safety assessments throughout the study included collection of 
spontaneously reported adverse events, clinical laboratory tests, vital signs, physical 
and neurological examination, suicidality monitoring using the Columbia-Suicide 
Severity Rating Scale, concomitant medications and 12-lead electrocardiogram.

Pharmacokinetic assessments. Pharmacokinetic samples were collected at a 
single time point at screening and at the end of period 1 and period 2 (week 12) 
to confirm that the study drug was present when expected and to estimate plasma 
exposure. Participants were asked to record the time of day of the last dose taken 
before the blood draw. Pharmacokinetic outcomes were the concentration of 
BPN14770 at the time point sampled.

Sample size calculations. Given the exploratory nature of this study, a definitive 
sample size calculation was not possible. However, for the sake of providing an 
evaluation of the potential power to detect a meaningful difference between 
treatments, for a crossover study having no carryover effects with 80% power, a 5% 
alpha level and a common s.d. of 3 units, a sample size of 30 evaluable participants 
(15 per sequence group) will allow detection of an effect size of approximately 2.25 
units on the ABC total score outcome measure. If carryover effects or excessive 
dropouts allow only for a period 1 analysis, a sample size of 15 per group during 
the first period would allow for detection of an effect size of 3.19 units.

Statistical methods. The statistical analysis plan was defined and documented 
before the database was locked. The primary analysis method for all efficacy end 
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points was the assessment of changes from baseline as the dependent variable in 
a mixed model for repeated measures (MMRM). The model included sequence, 
period, treatment, visit, predose baseline score of the end point being assessed, 
baseline Stanford–Binet full IQ score and visit by treatment interaction as fixed 
effects, with participant within sequence as a random effect. This analysis was 
planned to be performed for both the ITT and completer populations. Both the 
week 6 and week 12 data were included in the models where appropriate. Note that 
some end points were only collected at a single time point, that is, week 12, and 
thus the repeated measures model essentially becomes an analysis of covariance 
(ANCOVA) model.

As prespecified, if the crossover analysis demonstrated significant carryover 
from period 1 into period 2, the analysis would focus on the period 1–only 
analysis. This was in fact the case. Thus, the focus for overall conclusions as 
to treatment effect are based primarily on the period 1–only assessments. 
Furthermore, since there were multiple domains for each measurement tool, 
forest plots were employed to demonstrate the LS mean differences (and 95% CIs 
about those differences) between the BPN14770 and placebo arms. All tests were 
two-sided with no adjustments for multiplicity.

For the period 1 data only, the change from baseline to week 12 was analyzed 
using an ANCOVA model with fixed terms for treatment and baseline Stanford–
Binet full IQ covariates for the ITT population for the primary uncorrected 
standard scores. Primary inferences were drawn from treatment differences for the 
LS mean changes from baseline derived from the MMRM models at week 12. As 
additional supportive information, treatment differences for week 6 were derived 
using the MMRM model. LS means for each visit and s.e.m. of the LS means are 
displayed graphically. As stated in the prespecified statistical analysis plan, this was 
a study to obtain preliminary assessment of the effects of BPN14770 in participants 
with FXS. The study examined the following hypotheses (for BPN14770 25 mg 
versus placebo): Ho: there is NO difference between treatment with BPN14770 
25 mg and treatment with placebo with respect to changes over 12 weeks in end 
points associated with FXS; Ha: there IS a difference between treatment with 
BPN14770 25 mg and treatment with placebo with respect to changes over 12 
weeks in end points associated with FXS.

Because this was an initial small study in FXS, the end points were 
not prioritized from a statistical perspective. Each end point was assessed 
independently, while overall conclusions are based on a preponderance of 
evidence and clinical relevance of outcomes. All statistical tests were two-sided. 
This was an exploratory, hypothesis-generating study, so there was no statistical 
correction for multiple comparisons; rather, review of the preponderance of 
evidence was used to determine potential treatment benefit. This approach 
allowed for examination of a wide range of outcomes to inform as to which 
specific domains BPN14770 might benefit. Additional post hoc analyses were 
added (after unblinding) that assessed the period 2–only outcomes, using the 
week 12 values as ‘baseline’ from which to assess changes. This analysis was 
performed in response to the carryover effect that was evident after unblinding 
the treatment allocations codes.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All requests for raw and analyzed data will be promptly reviewed by the study 
sponsor, Tetra Therapeutics, and by the clinical site, Rush University Medical Center, 
to verify if the request is subject to any intellectual property or confidentiality 
obligations. Patient-related data not included in the paper were generated as part 
of a clinical trial and may be subject to patient confidentiality as required by the 
Health Insurance Portability and Accountability Act. Any data that can be shared 
will be released via a material transfer agreement. Requests for data may be made to 
Elizabeth_Berry-Kravis@rush.edu or to info@tetratherapeutics.com.
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Extended Data Fig. 1 | CONSORT flow diagram for the Phase 2 trial. A total of 30 subjects were screened, all met criteria for entry, 15 were randomized to 
the A-B (drug-placebo) treatment sequence and 15 were randomized to the B-A (placebo-drug) treatment sequence. There were no discontinuations so the 
Safety, ITT and Completer populations were identical (n = 30 subjects).
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Extended Data Fig. 2 | Subject demographics and baseline characteristics for the treatment Sequence A-B (BPN14770 to Placebo) and treatment 
Sequence B-A (Placebo to BPN14770). Abbreviations: max=maximum; min=minimum; SD=standard deviation.
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