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Abstract

Purpose: Dominant-negative growth hormone gene (GH1) mutations cause familial isolated growth hormone deficiency type Il (IGHD
1), which is characterized by GH deficiency, occasional multiple anterior pituitary hormone deficiencies, and anterior pituitary hypoplasia.
We have previously shown that 17.5-/22-kDa GH1 transcript ratios correlate with the severity of the IGHD Il phenotype. We hypothesized
that different pharmaceutical agents could affect the GH1 transcript ratio by modulating alternative splicing.

Methods: We exposed peripheral blood mononuclear cells from IGHD II patients and unaffected family members to different phar-
macologic agents and then determined the 17.5-/22-kDa transcript ratios by real-time PCR.

Results: Dexamethasone and digoxin significantly increased the 17.5-/22-kDa transcript ratio, while sodium butyrate and 5-iodotu-
bericidin significantly decreased the ratio.

Conclusion: Since we have previously shown that the ratio of the 17.5-/22-kDa GH1 transcripts correlates with severity of the IGHD |I
phenotype, our findings here suggest that selected previously unconsidered agents could possibly reduce the severity of IGHD II, while

other agents could possibly exacerbate the disease phenotype. Clin Trans Sci 2011; Volume 4: 175-179
Keywords: IGHD I, variable expressivity, dominant-negative, splicing modulation

Introduction

The human growth hormone gene (GH1) is a member of the
somatotropin/prolactin family of hormones and plays a key role
in growth. The human GH1 transcript consists of five exons that
are alternatively spliced to produce five major transcripts and
proteins. The two major transcripts and their associated proteins
are a 22-kDa protein, which forms the majority of circulating
GH and a 17.5-kDa protein, which is missing exon 3 of GH1
(in GH1 literature the GH1 splice isoforms have traditionally
referred by their protein identification rather than their National
Center for Biotechnology Information reference numbers
that is NM_000515.3 for the full length 22-kDa protein and
NM_022559.2 for the 17.5-kDa protein)."* Interestingly, the splice
sites surrounding exon 3 of GH1 are relatively weak and three
splicing enhancers are required to ensure exon 3 inclusion.’ One
of these enhancers (exon splice enhancer 1 [ESE1]) comprises the
first seven bases of exon 3 and it augments use of the upstream
3’ splice site and suppresses a downstream cryptic splice site.*
Normal individuals produce small amounts of the 17.5-kDa
transcript/protein as part of the normal alternative splicing of
GHI1, however, the amounts are typically too low to disrupt
GH1 function. However, disruption of ESE1 by mutations can
cause increased exon 3 skipping, which can lead to significantly
higher amounts of the smaller 17.5-kDa isoform. This can cause
autosomal dominant familial isolated growth hormone deficiency
type-II (IGHD-II), due to a dominant-negative effect of the 17.5-
kDa isoform that prevents secretion of normal GH in tissue
culture cells and transgenic mice.">*”

IGHD 1I is a disease characterized by GH deficiency,
deficient levels of other hormones, and anterior pituitary
hypoplasia; these features show variable onset and progression
in family members heterozygous for the same GH1 mutation.
We have recently shown that GHI transcript levels play an
important phenotype-modifying role in IGHD II patients. In
a kindred with a guanine to adenine transition in the first
base of exon 3 (E3+1 G/A) that disrupted ESE1 sufficiently to

cause exon 3 skipping and resultant IGHD II,* we found that
the severity of IGHD II phenotype was directly proportional
to the 17.5-/22-kDa transcript ratios.®

Individuals with IGHD II can be treated with recombinant
human GH. However, since these individuals continue to make
the 17.5-kDa product, which is toxic to somatotrophs, GH1
replacement does not prevent eventual pituitary failure and
the resultant multiple endocrine abnormalities typically seen
in severe cases of IGHD II.° Thus, a way to alter the splicing of
GH1 mRNA in vivo would be an attractive therapeutic avenue
in this dominant-negative condition.

A recent study showed that using shRNA to knockdown
the 17.5-kDa isoform improved wild-type GH secretion in rat
pituitary tumor growth cells, but this type of approach is not
yet feasible in human patients.” Since we recently showed the
17.5-/22-kDa transcript ratios were a key determinant of disease
phenotype,® we investigated the possibility that pharmacologic
agents could be used to change this ratio.

Recent studies have shown that many pharmacologic agents
commonly used in clinical settings can modulate alternative
splicing.’” Chang et al. identified sodium butyrate (SB) as a
splicing modulator in peripheral blood mononuclear cells
(PBMNCs) from individuals with spinal muscular atrophy
(SMA) where it was shown to increase alternative splicing.
SMA, like IGHD II, also results from aberrant splicing and
several studies have shown that pharmacologic agents affect
splicing in this disorder." In addition, a high-throughput screen
identified digoxin as an alternative splicing modulator.’” The
exact mechanism(s) by which these and other pharmacologic
compounds modulate alternative splicing are poorly understood,
but possibilities include modification of chromatin structure or
effects on the expression or phosphorylation of serine/arginine
rich (SR) proteins.*

Here, we present the results of a focused drug screen conducted
to identify pharmacologic agents that may alter the 17.5-/22-kDa
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transcript ratios in patient-derived cells. These cells were isolated
from affected individuals in a kindred that contained the E3+1
G/A transition that disrupted ESE1 sufficiently to cause exon 3
skipping and produce IGHD II. Our data show that four agents
could significantly alter this ratio. Our findings have implications
for the use of pharmacologic agents in the modification of genetic
phenotypes and clinical management of dominant-negative
conditions such as IGHD II and other disorders characterized
by aberrant alternative splicing.

Materials and Methods

Establishment of PBMNC lines

Study subjects were members of a previously described Caucasian
family with IGHD II (III-1 referred to as control or unaffected
family member with height standard deviation (Ht SDS) score
of 0.46 and I1I-6 referred to as patient or affected family member
with Ht SDS score of —4.13).% Cell lines were established and
PBMNCs were immortalized with Epstein-Barr Virus as previously
described.” Samples were collected under a Vanderbilt University
institutional review board protocol.

Cell culture and drug screen

PBMNCs were grown in 15% fetal bovine serum in Roswell
park memorial institute medium 1640 with 2 mm L-glutamine.
Exponentially growing cultures were exposed to agents listed
in Table 1. Cultures were done in triplicate for each drug, and
medium and drug were replaced at 24 hours. All experiments
were repeated at least three times.

Analysis of GH transcripts by real-time

cDNA was synthesized from 1 pg of cellular RNA from each culture
using the SuperScript VILO cDNA Synthesis Kit (Invitrogen Life
Technologies, Carlsbad, CA, USA). We used pre designed ABI
Tagman assays for both 17.5- (Hs 00737954 _gL that overlaps
junction of exon 2 and 4) and 22-kDa (Hs 00792200_gL that
overlaps the junction of exon 2 and 3) GH1 transcript detection.
Real-time PCR analysis was done using Tagman Universal
Master Mix and a 7500 real-time PCR system according to the
manufacturer’s instructions (Applied Biosystems, Foster City,
CA, USA). We used TagMan human endogenous control plate
(catalog number 4309199) to analyze 13 genes as potential
housekeeping genes (18S rRNA, acidic ribosomal protein, beta-
actin, cyclophilin, glyceraldehyde-3-phosphate dehydrogenase,
phosphoglycerokinase, p2-microglobulin, p-glucronidase,
hypoxanthine ribosyl transferase (HPRT), transcription factor
IID, TATA binding protein, transferrin receptor, and Abelson)
for data normalization. HPRT was chosen because it showed the
least variability between tissues and was similar in abundance to
GH1 isoforms." An initial denaturation at 95°C for 10 minutes
was followed by 40 cycles of denaturation at 95°C for 15 seconds
and annealing and extension at 60°C for 1 minute. Relative
expression levels were calculated using the comparative threshold
method.!>16%

Statistics

Data are expressed as mean + standard error of means (SEM).
Comparisons between samples were performed with student’s
t-test and all tests were two-tailed. Statistical analyses were
performed with the statistical package GraphPad Prism for Mac
(GraphPad Software Inc., La Jolla, CA, USA).
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Pharmacological Mechanism Reference
agent name
1 Aclarubicin Topo 1 21
2 Camphothecin Topo 1 22
3 Cantharidin PP1 inhibition 23
4 Dexamethasone Coupling of 24
transcription and
splicing
5 Digoxin Change in ion 12
gradient
6 Etoposide Topo Il inhibition 22
5-(N-ethyl-N-isopropyl) Change in ion 25
amiloride (EIPA) gradient
Sodium butyrate HDAC inhibitor 11
Valproic Acid HDAC inhibitor 26
10 5-iodotubercidin Adenosine kinase 12
inhibitor
11 Tyrphostin-9 Kinase inhibitor 12

Table 1. List of pharmacological agents known to aftect splicing
evaluated in this report.

Results

Selection of drugs that affect GH 1 splicing and determination
of optimal dosage and exposure time

We first conducted a thorough literature search to identify drugs
that might regulate alternative splicing.'®'>!”!® Examples of drugs
and the putative mechanisms by which they affect cell function
are shown in our Table 1.'"'221-2¢ To evaluate the possible effects
of drugs, we selected and screened an agent from each class in
Table 1, when practical in short-term cultures. We used real-
time PCR analysis to initially test 11 drugs (see Table 1) for
their effects on 17.5-kDa and 22-kDa mRNA abundance in
exponentially growing PBMNCs cultures. PBMNCs are one
of the few tissues of the body other than somatotrophs that
express GH1 and as such have been used extensively as model
to study growth hormone expression.®" The four agents studied
in more detail in this report were selected because the
ratios of 17.5-/22-kDa transcripts of cultured PBMNCs
derived from IGHD II and controls, exhibited significant
increases (dexamethasone and digoxin) or decreases (SB and
5-iodotubericidin [5-IT]) . For each of these drugs, we then
established optimal exposure time and dose by time course
and dose-range exposure experiments (see Supplementary
Figure 1 for an example of data from one such experiment). Drug
concentrations and exposure times were selected for further
studies by choosing conditions that did not result in extensive
cell death based on trypan blue exclusion and manual counting.
The optimal dose and time for the four drugs were as follows;
digoxin 100 nm for 48 hours, dexamethasone 1 pum for 48 hours,
SB 5 mm for 48 hours, and 5-IT 1 um for 48 hours.

Dexamethasone and digoxin increase the 17.5-/22-kDa
transcript ratio

We hypothesized that we can identify pharmacological agents that
affect alternative splicing and thereby increase the 17.5-/22-kDa
ratio in PBMNCs from affected and control individuals. Based on
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Figure 1. Effect of 48-hour exposure of 1 uM dexamethasone on GH1 17.5-kDa and 22-kDa transcript levels and the 17.5-/22-kDa transcript ratios. Analysis was done with
relative realtime PCR in PBMNCs derived from an IGHD Il patient and a first-degree unaffected family member. Each sample was done in triplicate and analysis was repeated
three times. Error bars represent SEM; p-values were calculated by using student's t-test. Please note that scales of the graphs are slightly different for better visualization of

differences between minus and plus samples.

our initial screen, we exposed exponentially growing patient and
control PBMNCs to dexamethasone or digoxin. After 48 hours,
the abundance of 17.5- and 22-kDa transcripts was determined
by real-time PCR and the relative 17.5-/22-kDa ratios calculated.
We found that both dexamethasone and digoxin increased this
relative ratio. Dexamethasone exposure of PBMNCs from the
affected and the control individual resulted in an increase in
their 17.5-/22-kDa transcript ratios from 0.63 to 1.23 (p < 0.003)
and 0.05 to 1.03 (p < 0.0001), respectively (Figure 1). Similarly,
digoxin also increased the 17.5-/22-kDa transcript ratios in both
the affected and the control individual PBMNCs (Supplementary
Figure?2). The increased ratios following dexamethasone or digoxin
exposure were due to an increase in the 17.5-kDa transcripts
in both the affected and the control individual, though in the
control individual, decreased amount of 22-kDa GH1 transcript
also contributed to the observed increased ratio (Figure I).
Importantly, dexamethasone caused the 17.5-/22-kDa ratios of
the control PBMNCs to resemble the relative ratio seen in the
affected individual (Figure I).

Sodium butyrate and 5-IT decrease the 17.5-/22-kDa transcript
ratio

We then proceeded to further analyze pharmacological agents
that were identified in our initial PBMNC-based screen as
decreasing the 17.5-/22-kDa transcript ratios. Exponentially
growing PBMNCs from affected and control individual were
treated with SB or 5-IT. After 48 hours, the abundance of 17.5-
and 22-kDa transcripts was determined by real-time PCR and
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the relative 17.5-/22-kDa ratios calculated. Treatment with SB
decreased the ratio from 0.24 to 0.13 (p < 0.02) and from 0.013
to 0.0081 (p < 0.004) in PBMNCs from affected and control
individual, respectively (Figure 2). Exposure to 5-IT had similar
effect (Supplementary Figure 3). The decrease in the ratio was
due to an increase in the 22-kDa transcript in both the affected as
well as the control family member PBMNCs (Figure 2). However,
treatment with SB did not decrease the ratio in affected patient
derived PBMNC:s to control levels (Figure 2).

Discussion

While growth hormone replacement therapy in IGHD II patients
helps growth, it does not prevent the development of other
pituitary hormone deficiencies that eventually complicate the
clinical picture in many of these patients. Thus, there remains a
need for alternative approaches to IGHD II therapy. IGHD II is
primarily a splicing disorder where mutations disrupting splicing
enhancers result in exon exclusion and resultant overexpression
of a detrimental dominant-negative 17.5-kDa GH1 product. In
this study, we demonstrate that focused screen of pharmaceutical
agents resulted in identification of potential modifiers of alternative
splicing of GH1. We identified agents that can significantly
alter the 17.5-/22-kDa GHI1 transcript ratios, which has been
established as a modifier of IGHD II severity.>*

We found that, depending on the drug used, the ratio can
either increase (predicted to be detrimental for the patient) or
decrease (predicted to be beneficial for the patient). Among the
drugs screened, dexamethasone and digoxin increased the ratio,
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Figure 2. Effect of 48-hour exposure of 5 mm sodium butyrate on GH1 17.5-kDa and 22-kDa transcript levels and the 17.5-/22-kDa transcript ratios. Analysis was done with
relative realtime PCR in PBMNCs derived from an IGHD Il patient and a first-degree unaffected family member. Each sample was done in triplicate and analysis was repeated
three times. Error bars represent SEM; p-values were calculated by using student's t-test. Please note that scales of the graphs are slightly different for better visualization of

differences between minus and plus samples.

which in theory would be predicted to possibly exacerbate the
IGHD II phenotype. Our finding that dexamethasone increases
the ratio is interesting since related agents are sometimes used
to treat the endocrine abnormalities seen in IGHD II patients.
Furthermore, it supports the findings of Salemi and colleagues
who showed that dexamethasone can increase the 17.5-kDa
isoform in mouse pituitary cells.*” Dexamethasone has also been
shown to affect splicing of the insulin receptor mRNA, further
showing that its effects on splicing might be widespread and
potentially detrimental.””

We also found two agents that had the desired effect of
decreasing the ratio. One of these agents was 5-IT, an adenosine
derivative that initiates glycogen synthesis in hepatocytes.
Because this agent inhibits a range of protein kinases, its possible
therapeutic potential may be limited because in vivo dosing for
splicing modulation versus kinase inhibition would ultimately
need to be determined. SB also decreased the GH1 transcript ratio,
and importantly, has been found to change the splicing pattern of
the SMN2 gene and ameliorate symptoms in a mouse model of
SMA." Its ability to alter the splicing ratio in two distinct genetic
diseases that result from aberrant alternative splicing makes SB
an intriguing therapeutic possibility.

Another key conclusion of our results is that the effect of a
specific drug on alternative splicing of a particular gene maybe
gene specific. For example, our data show that Na Butyrate
decreased the mutant/normal GH1 transcript ratio in IGHD 1II
and control derived PBMNCs while it increased SMN2/SMN
transcript ratio in SMA derived cells."" This suggests that the
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identification of agents that could ameliorate abnormal splicing
that causes a disease may need to be done experimentally on
a disease-by-disease basis (rather then what is reported in the
literature).

Further studies will now be needed to confirm in vivo the
potency of these agents in animal models of GH1 deficiency and
to determine what kinds of proteins in somatotrophs are being
targeted by these drugs. Studies using these agents in other systems
indicate that these drugs may have direct interactions (such as
alteration of phosphorylation status) with the RNA-binding SR
proteins. Additionally, it will be important to determine any
in vivo deleterious side effects of these drugs. In this context, it is
encouraging that several of the agents identified here, including
dexamethasone, digoxin, and SB, have been extensively used
clinically with known and or limited toxic side effects. Further,
in vivo validation of our findings may thus identify additional
therapies for IGHD II.

In summary, our data show that pharmacological agents can
alter the 17.5-/22-kDa GH1 transcript ratios, which have been
shown to affect the phenotype/severity of IGHD II, opening the
door for more widespread investigation into the treatment of
dominant-negative and alternative splicing disorders.
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Supporting Information

Figure S1. Effect of 100-nm digoxin exposure over a 48-hour
interval on GH1 17.5-kDa and 22-kDa transcript levels and the
17.5-/22-kDa transcript ratios.

Figure S2. Effect of 48-hour exposure of 100-nm digoxin on the
17.5-/22-kDa transcript ratios.

Figure S3. Effect of 48-hour exposure of 5-IT 1 uM on the 17.5-
/22-kDa transcript ratios.
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