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(R,R)-1,12-Dimethylspermine can mitigate abnormal
spermidine accumulation in Snyder-Robinson syndrome
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Snyder—Robinson syndrome (SRS) is an X-linked intellectual
disability syndrome caused by a loss-of-function mutation in the
spermine synthase (SMS) gene. Primarily affecting males, the
main manifestations of SRS include osteoporosis, hypotonic
stature, seizures, cognitive impairment, and developmental
delay. Because there is no cure for SRS, treatment plans focus on
alleviating symptoms rather than targeting the underlying
causes. Biochemically, the cells of individuals with SRS accumu-
late excess spermidine, whereas spermine levels are reduced.
We recently demonstrated that SRS patient-derived lympho-
blastoid cells are capable of transporting exogenous spermine
and its analogs into the cell and, in response, decreasing excess
spermidine pools to normal levels. However, dietary supple-
mentation of spermine does not appear to benefit SRS patients
or mouse models. Here, we investigated the potential use of a
metabolically stable spermine mimetic, (R,R)-1,12-dimethyl-
spermine (Me,SPM), to reduce the intracellular spermidine
pools of SRS patient-derived cells. Me,SPM can functionally
substitute for the native polyamines in supporting cell growth
while stimulating polyamine homeostatic control mechanisms.
We found that both lymphoblasts and fibroblasts from SRS
patients can accumulate Me,SPM, resulting in significantly
decreased spermidine levels with no adverse effects on growth.
Me,SPM administration to mice revealed that Me,SPM signifi-
cantly decreases spermidine levels in multiple tissues. Impor-
tantly, Me,SPM was detectable in brain tissue, the organ most
affected in SRS, and was associated with changes in polyamine
metabolic enzymes. These findings indicate that the (R,R)-di-
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astereomer of 1,12-Me,SPM represents a promising lead com-
pound in developing a treatment aimed at targeting the molec-
ular mechanisms underlying SRS pathology.

Spermine synthase (SMS)? (EC 2.5.1.22) is an integral mem-
ber of the polyamine biosynthetic pathway that catalyzes the
production of spermine (SPM) from spermidine (SPD), us-
ing decarboxylated S-adenosylmethionine (dcAdoMet) as the
aminopropyl donor (Fig. 1A4) (1). Inactivating or partial loss-of-
function mutations of the SMS gene result in Snyder—Robinson
syndrome (SRS), arecessive X-linked intellectual disability syn-
drome (2-4). Males affected with SRS present with clinical
manifestations that most commonly include osteoporosis,
hypotonic stature, seizures, cognitive impairment, and devel-
opmental delay (5, 6). Because there is no cure for SRS, treat-
ment plans emphasize symptom management, and to date
there have been no studies focused on pharmacologically tar-
geting the underlying cause of the disease.

Biochemically, SMS is the sole source of SPM biosynthesis
(Fig. 1A) (7). Although SPM is also a dietary component and can
be produced by intestinal microbiota, a defining characteristic
of cells from SRS patients is an elevated SPD:SPM ratio (4, 5,
8-12). The extent of this elevated ratio in individual patient
cells depends on the nature of the mutation and appears to
correlate with enzyme activity level and the resulting patho-
logic severity, although existing data are insufficient to con-
clude a genotype—phenotype correlation. A compilation of the
mutations, their effects on SMS protein and activity, and clini-
cal features of the SRS patients was recently reported (12). The
mammalian polyamines, which include SPM, SPD, and their
precursor putrescine (PUT), are absolutely required for many
critical cellular functions, and their levels are under strict
homeostatic control. However, the skewed ratio in SRS patients
clearly has greater pathological consequences for certain tis-
sues, including brain, bone, and muscle.

Initially, it was thought that dietary SPM supplementation
would be a simple treatment strategy for SRS. Based on data

2 The abbreviations used are: SMS, spermine synthase; Me,SPM, (R,R)-1,12-
dimethylspermine; SRS, Snyder-Robinson syndrome; SPD, spermidine;
SPM, spermine; PUT, putrescine; SSAT, spermidine/spermine N1—acetyl—
transferase; ODC, ornithine decarboxylase; PAOX, N'-acetylpolyamine oxi-
dase; SMOX, spermine oxidase; a-MeSPD, a-methylspermidine.
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Figure 1. A, the mammalian polyamine metabolic pathway. The diamine PUT
is derived from ornithine via ODC, the first rate-limiting step in polyamine
biosynthesis. Sequential aminopropyl group additions by spermidine syn-
thase (SRM) and SMS, using decarboxylated S-adenosylmethionine (dcAdoMet)
as a donor, create SPD and SPM, respectively. Catabolism of SPM and SPD
occurs via acetylation by SSAT followed by oxidation by PAOX. SPM can also
be directly oxidized to SPD by SMOX. In SRS, SMS function is decreased or
absent, spermidine accumulates, and spermine levels are severely reduced. B,
structure of (R,R)-1,12-Me,SPM mimetic.

from an early mouse model of SRS (13, 14) as well as patient
experiences,® this approach appears to be ineffective because of
complexities not yet understood. Because polyamine transport
is generally down-regulated in the presence of high intracellular
polyamine concentrations (15), it was proposed that cells of
SRS patients might lack the ability to transport extracellular
SPM. However, our recent study using SRS patient-derived
lymphoblastoid cells clearly demonstrated that polyamine
transport activity in these cells is similar to that of WT SMS
cells (16). Not only can SRS lymphoblastoid cells efficiently
transport SPM, they also respond to its accumulation by
decreasing the excessive SPD pool to within normal levels.
However, it is conceivable that cells of the lymphoblast lineage,
which do not appear to be major contributors to the SRS
pathology, differ in their polyamine transport ability from those
of other lineages. Thus, the current study used a panel of fibro-
blast cell lines of SRS patient origin to investigate the transport
of both native SPM and the SPM mimetic (R,R)-1,12-dimethyl-
spermine (Me,SPM) (Fig. 1B). This metabolically stable SPM
analog was used with the intention of circumventing the limi-

3 C.E. Schwartz, private communication.
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tations known to exist for the use of native SPM as a treatment
in vivo, including acute toxicities when administered to animals
by intravenous, intraperitoneal, or oral routes (17-19), as well
as the low availability that is apparent with oral SPM consump-
tion in SMS-deficient animals (13, 14).

a-Methylation of SPM provides protection against degrada-
tion by mono- and diamine oxidases inside the cell as well as in
the presence of serum amine oxidases found in human and
bovine serums (20). More metabolically stable than spermine,
Me,SPM is not acetylated by the catabolic enzyme spermidine/
spermine N'-acetyltransferase (SSAT) and has been shown to
support cell growth following polyamine depletion (20-22). It
is capable of functionally substituting for native SPM in func-
tions independent of hypusination, a SPD-dependent, post-
translational modification of eukaryotic translation initiation
factor 5A (23). Like native SPM, Me,SPM has been shown to
increase polyamine catabolism through increasing SSAT bio-
synthesis and activity, thus reducing intracellular SPD pools
(24).

Using lymphoblastoid and fibroblast cell lines from SRS
patients, the current study investigated the effects of Me,SPM
treatment on proliferation, intracellular polyamine concentra-
tions, and polyamine metabolic gene expression and enzyme
activity. We also performed preliminary feasibility and toxicity
testing in C57Bl/6] male mice that included determinations of
Me,SPM accumulation, native polyamine concentrations, and
activity assays of the rate-limiting polyamine biosynthetic
enzyme ornithine decarboxylase (ODC) and catabolic enzyme
SSAT in brain, skeletal muscle, heart, liver, and kidney tissue
from treated animals. These studies identified the (R,R)-diaste-
reomer of 1,12-Me,SPM as a promising lead compound capa-
ble of reducing SPD levels in SRS cells while sustaining growth.
Moreover, our in vivo study revealed that Me,SPM is distrib-
uted to and can modulate polyamine homeostasis and SPD lev-
els in multiple tissues, including the brain, the primary organ
affected in SRS. Our results form the basis for future preclinical
studies aimed at optimization of in vivo Me,SPM dosing sched-
ules to minimize toxic effects while correcting the imbalanced
polyamine pools characteristic of Snyder—Robinson syndrome.

Results

The polyamine transport system is functional in SRS patient-
derived fibroblasts

We previously demonstrated that lymphoblastoid lines orig-
inating from SRS patients were able to transport exogenous
SPM and restore a more normal polyamine distribution profile
(16). However, because the shift in polyamine distribution in
these cells has not been associated with an overt phenotype in
the patients, the possibility that cells of other lineages might not
have the same transport capabilities was investigated. Fibro-
blast cell lines derived from the skin of five individual SRS
patients, as well as two WT male donors, were used to ascertain
whether polyamine transport was dysregulated in SRS fibro-
blast cells. The cells were treated for 24 h with 5 um SPM, in the
presence of aminoguanidine (a bovine serum amine oxidase
inhibitor), followed by preparation of acid-extracted lysates for
HPLC analysis of intracellular polyamines. As with SRS lym-
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Figure 2. A, polyamine distribution profiles in SRS fibroblasts and response to
SPM supplementation. Fibroblast (Fb) cell lines derived from SRS patients or
WT donors were treated for 24 h with 5 um SPM in the presence of 1 mm
aminoguanidine and analyzed for polyamine content by HPLC. The columns
indicate the means with SE of each polyamine, stacked to indicate the total
concentration of all polyamines in the cell, normalized to total protein. The
values above the columns indicate the average SPD:SPM ratios. All values
were calculated from duplicate determinations of three biological replicates.
B, effects of Me,SPM on proliferation in SRS patient-derived cell lines. SRS or
WT lymphoblastoid (Ly) or fibroblast (Fib) cell lines were grown for 96 h in the
presence of increasing doses of Me,SPM. The cells were collected and
counted for viability using Trypan blue exclusion. The data points indicate the
means with SE of duplicate determinations of at least two biological
replicates.

phoblastoid lines (16), the untreated SRS fibroblast lines dem-
onstrate significantly elevated SPD:SPM ratios (ranging from
~3 to 13) as compared with cells with fully active spermine
synthase (~0.62) (Fig. 2A4). Of note, the line SRS2 was derived
from a patient harboring one of the most severe mutations with
regard to SMS activity and SPD:SPM ratio (here measured as
~13.23 versus WT ratios of ~0.62) (9, 25). Importantly, treat-
ing each of these SRS fibroblast lines with SPM not only
increased the intracellular concentration of SPM; it also drasti-
cally reduced the accumulation of SPD in each, resulting in
SPD:SPM ratios substantially closer to the range observed in
untreated WT cells. Additionally, the level of total polyamines
in line SRS2 was more than double that of WT cells (39.2 versus
14.2 nmol/mg protein), and treatment with SPM reduced the
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total polyamine concentration to ~16.5 nmol/mg protein.
These results provide support that SRS cells of different lin-
eages maintain their ability to transport SPM and consequently
control the homeostatic distribution of the individual
polyamines.

Me,SPM reduces SPD accumulation without affecting growth
of SRS cells

SRS lymphoblastoid and fibroblast cell lines (two each) were
incubated for 96 h in the presence of increasing concentrations
of Me,SPM. Cell lines chosen for these studies represented
severely affected and more mildly affected patients for each cell
type. In each of the cell lines, treatment had no adverse effect on
proliferation (Fig. 2B), whereas the intracellular concentration
of SPD was efficiently reduced as the analog accumulated
(Table 1). The resulting SPD:SPM ratios, calculated by incor-
porating the intracellular Me,SPM concentration as a portion
of the SPM pool (SPD/SPM + Me,SPM), rapidly decreased
with increasing mimetic uptake.

Our previous report found that SPM treatment of SRS lym-
phoblasts further decreased their already lowered levels of
putrescine (16). The importance of this decreased PUT in SRS
patients is unknown but could be of consequence particularly in
the brain, because PUT can serve as a precursor to GABA (26 —
28). Unlike native SPM, Me,SPM treatment did not further
reduce the intracellular PUT levels observed in SRS patient
lymphoblasts. Together, these results indicate the ability of
Me,SPM to functionally substitute for SPM in supporting
growth and proliferation of SRS cells while also reducing the
intrinsic accumulation of SPD that is characteristic of a lack of
spermine synthase activity.

Me,SPM reduces SPD levels without significantly altering
polyamine metabolic enzyme activities of SRS cells

Me,SPM was previously shown to induce SSAT activity in a
lung cancer cell line capable of extremely high SSAT induction
(24). Although treatment with Me,SPM is clearly capable of
reducing SPD levels in SRS cells after 96 h, treatment of SRS
lymphoblastoid cells for 24 h resulted in no significant change
in SATI mRNA expression or SSAT activity (Fig. 3A). A related
polyamine analog, bis(ethyl)spermine, was used as a positive
control and induced SSAT activity by ~20-fold in line Ly-SRS3.
Additional analysis of the treated lymphoblastoid cells revealed
no induction of N'-acetylpolyamine oxidase (PAOX) mRNA
and a modest increase in activity (Fig. 3B). Spermine oxidase
(SMOX) activity, which has the potential to produce toxic reac-
tive oxygen species and aldehydes, was below the limits of
detection in both untreated and treated cells. ODC activity was
decreased in both WT and SRS lymphoblasts after 24 h and
appeared to be post-transcriptional in nature (Fig. 3C).
Although the observed changes in enzyme activities were mod-
est, treatment did yield a significant decrease in intracellular
SPD in the SRS cells, suggesting the potential for product inhi-
bition of other biosynthetic enzymes in the pathway (Fig. 3D).
Assays were also performed in line Ly-SRS1 with similar non-
significant results.

J. Biol. Chem. (2020) 295(10) 3247-3256 3249
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Table 1

Effects of Me,SPM on polyamine distribution in SRS patient-derived cell lines

The Me,SPM-treated SRS or WT lymphoblastoid or fibroblast cells collected for viability analysis in Fig. 2B were subsequently used for HPLC analysis of polyamine
concentrations. The data represent the means * S.E. of at least two separate 96-h treatments, with each sample analyzed in duplicate. Intracellular Me,SPM concentration
was included with the native SPM concentration in the determination of SPD:SPM ratios.

SPD/SPM +
Cell line Me,SPM PUT SPD SPM Me,SPM Me,SPM
M nmol/mg protein
WT lymphoblastoid 0 6.63 + 1.21 1544 * 140 9.12 * 0.63 0 1.69
SRS1 lymphoblastoid 0 2.66 * 0.22 35.17 £ 6.40 4.51 = 0.96 0 7.80
0.1 2.73 = 0.14 28.71 = 3.36 3.42 = 0.34 0.41 = 0.06 7.50
0.6 2.94 *0.27 24.30 = 1.51 2.72 +0.12 4.36 +0.18 343
3.1 273 £ 0.22 21.59 = 5.29 2.65 * 0.62 24.64 * 7.00 0.79
6.1 3.08 = 0.23 14.17 * 2.03 1.91 * 0.29 20.26 * 4.66 0.64
SRS3 lymphoblastoid 0 373071 39.43 = 4.52 2.85 +0.21 0 13.84
0.1 3.24 038 34.45 + 3.90 2.25 +0.13 0.83 = 0.07 11.19
0.6 5.60 = 1.40 39.27 +10.18 1.61 * 0.32 1042 * 158 3.26
3.1 4.71 +0.72 12.82 * 1.33 0.75 * 0.03 29.04 * 3.85 043
6.1 4.80 = 0.35 12.71 + 1.01 0.79 % 0.03 32.61 % 3.03 0.38
WT fibroblast 0 0 3.09 = 0.89 11.11 * 3.24 0 0.28
SRSS3 fibroblast 0 0.85 * 0.34 11.62 * 3.53 3.00 = 0.85 0 3.87
0.1 0.98 *+ 0.36 13.77 + 445 2.04 % 0.60 6.08 = 1.32 1.70
0.6 0 1.83 = 0.27 142 * 042 33.15 = 8.99 0.05
3.1 0 1.81 * 042 1.23 + 0.38 27.22 + 745 0.06
6.1 0 115 + 0.14 0.82 = 0.19 20.03 * 4.15 0.06
Safety of Me,SPM in vivo Tissue-specific modulation of polyamine metabolism by

WT, male C57Bl/6] mice received intraperitoneal injections
of the (R,R)-diastereomer of 1,12-Me,SPM to determine the
tolerable dose range, as well as its tissue distribution and ability
to alter tissue polyamine concentrations. Daily injections of 0, 5,
and 10 mg/kg Me,SPM for 4 days had no adverse effect on
mouse body mass (Fig. 44), and no overt change in behavior
was observed. Because mice treated with 50 and 100 mg/kg
doses began losing weight after the first injection, the second
injection was delayed until day 2. On day 3, one mouse each
receiving 50 or 100 mg/kg Me,SPM had died overnight; the one
other mouse in the 100 mg/kg group exhibited tremors, weak-
ness, and anorexia. The majority of remaining mice in the 50
mg/kg group appeared weak, with body mass losses approach-
ing 20%. Per protocol, mice in the 50 and 100 mg/kg groups
were sacrificed for necropsy on day 3.

Me,SPM is distributed to SRS-affected tissues

At set time points, mice were necropsied and tissues were
collected and divided for biochemical analyses and/or histopa-
thology. Brain, liver, kidney, heart, and hindlimb striated mus-
cle were sampled from all mice. These tissues are either known
to be involved in the SRS phenotype or provide information on
potential dose-limiting toxicity. At the subtoxic dose of 10
mg/kg, intracellular Me,SPM was detected in all organs exam-
ined, with the kidney and liver concentrations exceeding those
of striated muscle and heart by ~10-fold. A very small amount
of Me,SPM was detected in the brain tissue of 10 mg/kg treated
animals, likely because of passive diffusion across the blood—
brain barrier (Fig. 4B). In animals receiving 50 mg/kg Me,SPM,
there was greater accumulation of Me,SPM in all organs, with
average brain tissue levels similar to those of muscle. Notably, a
bimodal distribution was observed in Me,SPM concentration
in the brains of mice in the 50 mg/kg treatment group, which
segregated the two mice in the pilot study (7-week-old mice,
top two data points) from the remaining four mice that were
treated at 20 weeks of age.
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SSAT activity tended to increase in the brains of mice receiv-
ing 10 mg/kg Me,SPM, and a significant increase was detected
in those in the 50 mg/kg group (Fig. 54). Half of the mice in the
high-dose group demonstrated increases in ODC activity as
well, some of which were extremely high (Fig. 5B). This eleva-
tion of both SSAT and ODC likely contributed to the signifi-
cantly increased PUT levels detected in the brain as well as the
absence of a decrease in SPD at the 50 mg/kg dose (Fig. 5C).

Hypotonia is a common phenotype in SRS males. Analyses of
muscle tissue taken from the hind limb also indicated a low level
of Me,SPM accumulation at the nontoxic doses (Fig. 4B), with
decreased abundance of SPM rather than SPD with increasing
dose (Fig. 5D). It is worth noting the organ-specific differences
in SPD and SPM distribution in the absence of treatment, as the
more abundant polyamine may be reduced first in WT mice.
However, because SPD concentration presumably far exceeds
SPM concentration in all tissues of SRS patients, we anticipate
that Me,SPM will be capable of reducing the accumulation of
SPD in all tissues. These studies await the availability of a phe-
notyped mouse model, which is currently being established
(The Jackson Laboratory). Hearts from two mice of each group
were used for polyamine analysis. The 10 mg/kg dose of
Me,SPM had no apparent effect on polyamine levels in the
heart muscle, an organ that is not often affected in SRS patients,
despite the detection of Me,SPM. However, dosing with 50
mg/kg resulted in higher analog accumulation (Fig. 4B) with
reductions in both SPD and SPM pools (Fig. 5E).

Renal abnormalities have been reported in several SRS
patients, particularly those with more severe phenotypes (9,
12). Liver and kidney tissues were examined for their response
to Me,SPM and as potential indicators of toxicity. High poly-
amine levels are associated with both hepatic and nephrotoxic-
ity, and both of these organs respond to injury and/or stress by
inducing polyamine catabolism, particularly through SSAT
(29-31). At nontoxic doses, Me,SPM was detected in both
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Figure 3. Effects of Me,SPM on polyamine metabolic enzymes in SRS
lymphoblastoid cell lines. The cells were treated for 24 h with 6 um Me,SPM.
Lysates were analyzed for SSAT (A), PAOX (B), and ODC (C) mRNA expression
levels (left panels) and activities (right panels). Intracellular SPD concentrations
were determined from the same lysates used for SSAT assay (D). The results
indicate the means of at least two biological replicates, each measured in
triplicate. Error bars indicate S.E.

organs, with the greatest levels in the kidneys (Fig. 48). SPD
levels in the kidney decreased significantly in both the 10 and 50
mg/kg treatment groups without an overall significant induc-
tion of SSAT activity (Fig. 6A4); however, three of the six mice at
the high dose displayed elevated renal SSAT activity (Fig. 6B).
Compared with other tissues, baseline renal ODC activity was
very high and varied among the mice receiving mock or 10
mg/kg Me,SPM. However, ODC activity in the 50 mg/kg group
was depleted, with only two of the six mice having detectable
levels of activity (Fig. 6C). In liver tissues, SPD levels also
decreased, and a significant increase in hepatic SSAT activity
was detected in the 50 mg/kg group (Fig. 6, D and E). Hepatic
ODC activity tended to increase with increasing dose (Fig. 6F).
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Figure 4. Dosing schedule, safety, and tissue distribution of Me,SPM in
vivo. C57BI/6J mice (n = 24) were treated for 4 days with increasing doses of
Me,SPM (0 mg/kg, n = 7; 5 mg/kg, n = 2; 10 mg/kg, n = 7; 50 mg/kg, n = 6;
100 mg/kg, n = 2). Changes in body mass and timing of intraperitoneal injec-
tions are indicated by arrows in Fig. 4A. Tissues were collected for enzyme
activity assays and HPLC analysis of polyamine and Me,SPM concentrations
on day 4 (0, 5, and 10 mg/kg groups) or day 3 (50 and 100 mg/kg groups).
Tissue concentrations of Me,SPM relative to total protein in the mock, 10, and
50 mg/kg groups are shown in B, with individual mice plotted as circles and
the means and S.E. of each group indicated with horizontal lines and error bars.

Histopathological responses to Me,SPM

Sections of brain, striated hindlimb muscle, heart, liver, and
kidney were sampled from mice in the mock, 10 mg/kg, or 50
mg/kg treatment groups to observe for histopathological
changes indicative of toxicity. Representative images of each
organ in each treatment group following standard hematoxylin
and eosin staining are provided in the supporting information
(Figs. S1-S3). There were no remarkable differences in brain,
kidney, or muscle (striated or heart) histology among the three
treatment groups. One of the four mice in the 50 mg/kg high-
dose group displayed microvesicular fatty changes throughout
its hepatocytes. Glycogen accumulation varied among the
treatment groups but was likely unrelated to treatment.

Discussion

SRS males are hypotonic at birth and begin to exhibit an
asthenic habitus, facial asymmetry, and often a prominent
lower lip within the first years of life. As they age, but prior to
puberty, muscle hypoplasia, osteoporosis, kyphoscoliosis, and
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long great toes are observed along with other clinical findings
that are not consistent across the patient population. Because
hypotonia is observed at birth, screening newborn males would
be possible. Testing would consist of determining the spermi-
dine/spermine ratio as well as the SMS activity in white blood
cells. Because carriers of SMS mutations have ratio and activity
values in the normal range, it would not be productive to screen
the mothers biochemically, and targeted sequencing of the SMS
gene would be of limited value based on the low prevalence of
SRS in the population. Thus, a targeted treatment strategy, such
as Me,SPM, that is intended to rebalance polyamine pools in
the SRS male would likely be best implemented upon diagnosis.
Considering the emergence of symptoms over time as the
patient reaches adulthood, it is reasonable to predict that indi-
viduals receiving treatment earlier in life might receive the
greatest benefits.

The selection of Me,SPM for these studies was based on
several characteristics that differentiate it from the widely stud-
ied bis(ethyl) polyamine analogs, which have been analyzed for
their antiproliferative/chemotherapeutic potential in cancer
(32). Most importantly for the treatment of SRS, the methyla-
tion of SPM on its « carbons (versus alkylation on the primary
amines) allows Me,SPM to substitute for the natural poly-
amines in their growth-sustaining functions. a-Methylation of
SPM prevents its acetylation and subsequent oxidation via the
SSAT/PAOX catabolic pathway and protects it against degra-
dation by cellular monoamine and diamine oxidases as well as
serum amine oxidases (20). The (R,R)-diastereomer of 1,12-
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Me,SPM in particular was chosen because it has been shown to
be also resistant to oxidation by SMOX (23), the expression
of which is high in certain organs, including the brain and
liver. Although Me,SPM can serve as a poor substrate for
PAOX (33), we detected no degradation to a-methylspermi-
dine (a-MeSPD, the resulting metabolite) in any of the mouse
tissues examined. In addition to degrading the native poly-
amines or their alkylated analogs, activity of these amine oxi-
dases produces toxic by-products including aldehydes and
hydrogen peroxide (34). Me,SPM is a therefore a metabolically
stable SPM mimetic that sustains cell growth while avoiding
oxidative degradation and the production of toxic by-products.

Overall, Me,SPM did demonstrate the ability to decrease
SPD levels in several tissues when administered to WT mice.
Unfortunately, at the dosing schedule used, the toxicity associ-
ated with the required doses of 1,12-Me,SPM may have limited
its ability to decrease SPD levels in certain tissues, particularly
the brain, which is severely affected in SRS. It is important to
note that these in vivo studies were designed primarily to detect
acute toxicity, which occurs following the administration of
native polyamines (18, 35). The short duration of these experi-
ments (4 days) may have been insufficient to elicit the desired
decrease in SPD throughout the body with the nontoxic dose of
Me,SPM. Because patient therapy would likely require long-
term treatment, future studies will focus on optimizing the dos-
ing schedule for prolonged treatment in the absence of toxicity.

PUT levels in the brain increased in the animals receiving the
higher doses, and these appeared to feed forward to prevent a
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Figure 6. Changes in polyamine levels and key metabolic enzyme activ-
ities in Me,SPM-treated mouse kidney (A-C) and liver (D-F). Tissues from
treated mice were assayed for intracellular polyamine concentrations (A and
D), SSAT (B and E), and ODC activities (C and F). The data points in B, C, E, and
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n = 7;50 mg/kg, n = 6). The lines indicate medians, + indicates means, the
boxes span the interquartile range, and the whiskers indicate the extremes.

reduction in SPD. Although the high dose of Me,SPM was asso-
ciated with increased ODC activity in certain tissues, including
the brain, the mice in which this occurred were not the same
mice that accumulated higher levels of the mimetic. The mouse
with extremely high brain ODC levels (top dot in Fig. 5B) was
the same mouse in which lipid-containing microvesicles were
observed in hepatocytes (Fig. S1). Whether these observations
have a common cause is unknown, but the accumulation of
Me,SPM in both of these tissues was not remarkably different
from others in the same dosage group. This ODC induction
could rather be due to an induction of the stress response by the
high dose of Me,SPM, because both ODC and SSAT are known
stress-response genes. Additionally, induction of SSAT could
further contribute to the toxicity through producing acetylated
SPD for oxidation by PAOX, which produces reactive oxygen
species and toxic aldehydes as by-products.

SASBMB

In the 50 mg/kg group, high levels of Me,SPM accumulated
in the liver and kidney and were associated with increases in
SSAT activity, which could result from toxicity-associated
damage in these organs. However, histopathological analyses of
these organs revealed no evidence indicative of acute renal or
hepatic toxicity, suggesting this induction is due to either accu-
mulation of the analog itself or induction of the stress response.
Although we did not detect evidence of oxidative degradation
of Me,SPM into a-MeSPD in our mouse study, a metabolite
consistent with a-MeSPD was apparent in our SRS lympho-
blastoid cell lines, which express high levels of PAOX. However,
this oxidation had no adverse effect on proliferation, likely
because of the localization of PAOX in the peroxisome (36).
The fate of this metabolite in vivo might have eluded detection
because of excretion or other compartmentalization. Thus, the
possibility that oxidation of Me,SPM might occur to some
extent in organs with high PAOX expression remains and could
be a source of toxicity.

The ability of Me,SPM to efficiently reduce the high accu-
mulation of SPD in the SRS patient cell lines raises the question
as to the mechanism of this depletion. With the exception of the
extremely sensitive lung cancer cell line previously described
(24), other studies have reported results similar to ours, where
polyamine pools are altered by Me,SPM exposure in a manner
consistent with increased SSAT activity but with limited induc-
tion of the protein (37). Me,SPM may displace native poly-
amines from their intracellular binding sites, thereby increasing
the pools of free SPM and SPD available for acetylation by basal
levels of SSAT. Furthermore, because Me,SPM is a competitive
inhibitor of SSAT (22), the timing of the treatment prior to
assay may need to be adjusted to avoid high analog accumula-
tion. SPD biosynthesis might be limited by reduced dcAdoMet
levels subsequent to Me,SPM-mediated repression of S-adeno-
sylmethionine decarboxylase (SAMDC) (37). The diluting
effect of cell division would further decrease SPD concentra-
tions, and Me,SPM could further affect spermidine biosynthe-
sis through product inhibition. However, the SRS fibroblast
lines have a greater response to low doses of the mimetic even
though they proliferate much more slowly than the lympho-
blastoid lines.

In addition to the elevated SPD:SPM ratio, SRS patient-de-
rived cells tend to have reduced or nondetectable PUT levels
compared with WT cells (Fig. 2A4) (16). This could have impor-
tant implications, particularly in the brain where PUT can serve
as a precursor for GABA. Treatment with exogenous SPM
reduced these levels even further in SRS lymphoblasts (16),
whereas treatment with Me,SPM sustained the PUT level, with
higher treatment doses tending to increase PUT content (Table
1). In brain tissue from WT mice receiving subtoxic doses,
Me,SPM treatment successfully maintained the baseline PUT
concentration (Fig. 5C).

The results of these studies indicate that Me,SPM is capable
of targeting the underlying molecular mechanisms responsible
for Snyder—Robinson syndrome, specifically the imbalance of
SPD:SPM ratios. Our studies with this compound were limited
by the lack of an appropriate mouse model for this disease.
Although recently made available (The Jackson Laboratory),
these mice have not yet been fully phenotyped. Additionally,
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the physiological relevance of the originally described SRS
mouse model, known as the Gyro mouse (13, 14), is question-
able. This Gyro mouse completely lacks the Sms gene, whereas
the majority of SRS patients have partial loss-of-function muta-
tions. Furthermore, the phenotype is confounded by the partial
deletion of an adjacent gene that results in defective phosphate
metabolism.

Our results with 1,12-Me,SPM are promising but do indicate
the potential for toxicity, the source of which remains to be
established. However, daily treatment at 10 mg/kg gave no indi-
cation of toxicity, and delivery of Me,SPM to tissues and the
resulting effects on polyamine distribution were evident,
although at low levels. Consequently, these studies form the
basis for future studies, the goal of which will be to optimize the
dosing schedule of 1,12-Me,SPM for further investigation in a
mouse model of Snyder—Robinson syndrome. Additionally,
1,12-Me,SPM may serve as a lead compound for the design of
related molecules with improved safety profiles. In particular,
recent analyses of structurally similar compounds have indi-
cated that positioning of the methyl groups of these compounds
alters their biochemical properties with regard to polyamine
metabolic enzymes (38). Thus, the results reported in this study
provide proof of principle that dimethylated SPM mimetics are
effective in decreasing SPD levels in SRS-affected cells as well as
in multiple tissues in vivo, paving the way for further discovery
and development in the understanding and treatment of SRS.

Experimental procedures
Cell lines, culture conditions, and Me,SPM synthesis

The lymphoblastoid cell lines derived from male SRS
patients or healthy donors were previously described (4, 8, 10,
16) and maintained in RPMI 1640 containing 15% fetal bovine
serum (Gemini Bio-Products, Sacramento, CA), 2 mm gluta-
mine, sodium pyruvate, nonessential amino acids, and penicil-
lin/streptomycin at 5% CO, and 37 °C. Fibroblast cell lines
established from skin biopsies of SRS males or healthy donor
males were maintained in Dulbecco’s modified Eagle’s medium
containing 15% fetal bovine serum, L-glutamine, sodium pyru-
vate, nonessential amino acids, and antibiotics at 5% CO, and
37 °C.In experiments cultured with exogenous SPM, 1 mm ami-
noguanidine (Sigma) was added to prevent extracellular oxida-
tion of SPM by bovine serum amine oxidase. (R,R)-1,12-
Me,SPM was synthesized as previously described (33, 39).

Polyamine concentration determinations and enzyme activity
assays

Intracellular polyamine concentrations of cell or tissue
lysates were determined by HPLC following acid extraction and
dansylation of the supernatant, as originally described by Kabra
et al. (40). Standards prepared for HPLC included diaminohep-
tane (internal standard), PUT, SPD, SPM, and acetylated SPD
and SPM, all of which were purchased from Sigma. Enzyme
activity assays were performed for SSAT and ODC using radio-
labeled ornithine and acetyl-CoA, respectively, as previously
described (41, 42). SMOX and PAOX activities were measured
using luminol-based detection of H,O, in the presence of either
SPM (for SMOX) or N'-acetylated spermine (for PAOX) as
substrates (43). All enzyme activities and intracellular poly-

3254 J Biol. Chem. (2020) 295(10) 3247-3256

amine concentrations are presented relative to total cellular
protein, as determined using Bio-Rad protein dye with interpo-
lation on a BSA standard curve.

RNA isolation and quantitative RT-PCR

Total cellular RNA was extracted from treated cells using
TRIzol reagent (Invitrogen). One ug of each sample was used to
generate cDNA using qScript cDNA SuperMix (Quanta Biosci-
ences, Gaithersburg, MD), followed by SYBR-green—mediated,
quantitative real-time PCR (Bio-Rad iQ2 detection system)
with primers targeting polyamine metabolism—associated
genes. Custom primers specific for human ODCI, SATI,
PAOX, and GAPDH were synthesized by Integrated DNA
Technologies (Coralville, IA) and optimized using annealing
temperature gradients followed by analyses of melt curves and
agarose gel electrophoresis. The threshold cycle for each gene
in each sample (of which there were at least two biological rep-
licates) was determined in triplicate and normalized to GAPDH
expression. Fold change was determined using the 2744
algorithm.

Pilot in vivo safety study

Male C57Bl/6] mice (The Jackson Laboratory) at 7 weeks of
age were randomly divided into five treatment groups for initial
toxicity testing (two mice/dose). (R,R)-1,12-Me,SPM was pre-
pared in PBS, pH 7.4, and filter-sterilized. The mice were
weighed daily and injected intraperitoneally with =0.1 ml/in-
jection of 0 (PBS only), 5, 10, 50, or 100 mg Me,SPM/kg body
weight. The mice in the 0, 5, or 10 mg/kg groups were injected
daily for a total of four doses and were sacrificed for necropsy
24 h following the final dose. The mice in the 50 and 100 mg/kg
groups were injected every 48 h, thereby receiving a total of two
doses. According to protocol, the animals were sacrificed upon
body weight loss nearing 20%. All animals were humanely
euthanized using CO,, and necropsies were performed imme-
diately for the collection of brain, kidney, liver, skeletal mus-
cle, and heart tissue. Tissues were quick frozen and stored at
—80 °C for assay of polyamine metabolic enzymes and poly-
amine concentrations as well as tissue distribution of
Me,SPM. All animal studies were conducted according to
protocol following Johns Hopkins University Institutional
Animal Care and Use Committee approval.

Expansion cohort

An expansion cohort of 14 WT male mice at 20 weeks of age
was used for further testing using a narrowed dose range of
Me,SPM as determined in the pilot safety study. Five mice each
were treated at 0 or 10 mg/kg daily, and four mice were treated
at 50 mg/kg every other day, as depicted in Fig. 44 and
described above. The mice were again weighed daily, and tis-
sues were collected for enzyme analyses and polyamine deter-
minations, as well as for histological observation.

Histopathological analyses

Brain, striated muscle, heart, liver, and kidney tissues were
collected from 14 mice (5 each from mock and 10 mg/kg groups
and 4 from 50 mg/kg), fixed in formalin, and processed for
standard hematoxylin and eosin tissue staining. The slides were
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analyzed and interpreted by a pathologist (K. G.) blinded to the
study parameters.

Statistical analyses

Statistically significant differences between untreated and

treated samples were determined using multiple ¢ tests (GraphPad
Prism software, La Jolla, CA). *, p values = 0.05 were considered
statistically significant; **, p = 0.005; ***, p < 0.0005.
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