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Difluoromethylornithine rebalances aberrant
polyamine ratios in Snyder–Robinson syndrome
Tracy Murray Stewart1,* , Jackson R Foley1, Cassandra E Holbert1 , Maxim Khomutov2 ,

Noushin Rastkari1, Xianzun Tao3 , Alex R Khomutov2 , R Grace Zhai3 & Robert A Casero, Jr1

Abstract

Snyder–Robinson syndrome (SRS) results from mutations in sper-
mine synthase (SMS), which converts the polyamine spermidine
into spermine. Affecting primarily males, common manifestations
of SRS include intellectual disability, osteoporosis, hypotonia, and
seizures. Symptom management is the only treatment. Reduced
SMS activity causes spermidine accumulation while spermine levels
are reduced. The resulting exaggerated spermidine:spermine ratio
is a biochemical hallmark of SRS that tends to correlate
with symptom severity. Our studies aim to pharmacologically
manipulate polyamine metabolism to correct this imbalance as a
therapeutic strategy for SRS. Here we report the repurposing of
2-difluoromethylornithine (DFMO), an FDA-approved inhibitor of
polyamine biosynthesis, in rebalancing spermidine:spermine ratios
in SRS patient cells. Mechanistic in vitro studies demonstrate that,
while reducing spermidine biosynthesis, DFMO also stimulates the
conversion of spermidine into spermine in hypomorphic SMS cells
and induces uptake of exogenous spermine, altogether reducing the
aberrant ratios. In a Drosophila SRS model characterized by reduced
lifespan, DFMO improves longevity. As nearly all SRS patient muta-
tions are hypomorphic, these studies form a strong foundation for
translational studies with significant therapeutic potential.
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Introduction

Spermine synthase (SMS; EC 2.5.1.22) is the sole source of de novo

spermine (SPM) generation in mammalian cells (Pegg, 2009). The

final biosynthetic step of the mammalian polyamine pathway, SMS

catalyzes the transfer of an aminopropyl group from decarboxylated

S-adenosylmethionine (dcSAM) to spermidine (SPD), thereby

forming SPM (Fig 1; Pegg & Michael, 2010). Germline mutations of

the SMS gene result in Snyder–Robinson syndrome (SRS; OMIM

#309583), a recessive X-linked intellectual disability syndrome pre-

dominantly affecting males (Snyder & Robinson, 1969; Arena

et al, 1996; Cason et al, 2003) and associated with developmental

delay, osteoporosis, muscle hypotonia, seizures, and a variety of

less common symptoms (Schwartz et al, 2011; Starks et al, 2018).

Medical management of SRS targets these manifestations (Schwartz

et al, 1993), as there is no current treatment that targets the underly-

ing biochemical cause of the disease.

Despite extracellular sources of SPM, including dietary consump-

tion (Mu~noz-Esparza et al, 2019), a defining characteristic of SRS-

affected cells and tissues is an elevated SPD/SPM ratio that does not

appear to benefit from dietary SPM supplementation at the organis-

mal level (Mackintosh & Pegg, 2000; Cason et al, 2003; de Alen-

castro et al, 2008; Becerra-Solano et al, 2009; Wang et al, 2009;

Schwartz et al, 2011; Peron et al, 2013; Albert et al, 2015; Larcher

et al, 2019). The degree to which this ratio is altered in individual

patients depends on the specific SMS mutation and appears to corre-

late with SMS enzymatic activity. Although existing data are insuffi-

cient to conclude a genotype–phenotype correlation, the pathogenic

variants associated with severe disease are consistent with those

causing the greatest rise in SPD/SPM ratio in our studies, including

the G56S and Q148R variants as well as the single patient identified

thus far with complete loss of SMS activity (M303K*fs3), who died

shortly after birth (Schwartz et al, 1993; Larcher et al, 2019). A sum-

mary, including ratios, of patient cell lines used in this study can be

found in Table 1. Additionally, a detailed collection of the clinical

features of the individual patients was recently published by Larcher

et al (2019).

The mammalian polyamines, including SPM, SPD, and their pre-

cursor putrescine (PUT), contribute to critical cellular functions that

necessitate strict homeostatic control over their intracellular levels

(Pegg, 2009). Polyamine transport is generally downregulated in the

presence of high intracellular polyamine concentrations (Seiler

et al, 1996), suggesting that SRS-affected cells might not transport

extracellular SPM. However, we have shown that SPM

transport activity in SRS patient-derived lymphoblastoid and
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fibroblast cells is as functional as that of wild-type SMS cells

(Murray-Stewart et al, 2018, 2020). Importantly, in response to SPM

import, SRS-affected cell lines reduce their excessive SPD pools to

within normal levels, indicating that polyamine homeostatic control

mechanisms also remain functional. However, the fact remains that

SPM is a common dietary component that fails to rescue the SRS

phenotype in vivo, suggesting that improvements to SPM bioavail-

ability may enhance efficacy.

We therefore proposed the use of 2-difluoromethylornithine

(DFMO) as a treatment strategy targeting the aberrant SPD/SPM

ratio by reducing spermidine biosynthesis while enhancing SPM

production and extracellular SPM import. DFMO is a well-studied,

clinically approved, irreversible inhibitor of ornithine decarboxylase

(ODC), the first rate-limiting step of polyamine biosynthesis (Fig 1;

Meyskens Jr. & Gerner, 1999; Bassiri et al, 2015; LoGiudice et al,

2018). ODC activity produces the diamine PUT, which is the precur-

sor for SPD production via SPD synthase (SRM). Importantly for our

studies, cells respond to this inhibition of polyamine biosynthesis

by upregulating two compensatory mechanisms: (i) increased pro-

duction of the aminopropyl donor, dcSAM, to facilitate synthesis of

SPM, and (ii) increased uptake of polyamines from the extracellular

environment. Through these mechanisms, we reasoned that expos-

ing SRS-affected cells to DFMO would improve the aberrantly ele-

vated SPD/SPM ratio. We have therefore used lymphoblastoid and

fibroblast cell lines from SRS patients as well as a Drosophila model

of SRS to investigate the effects of DFMO exposure on proliferation,

intracellular polyamine concentrations, extracellular polyamine

uptake, polyamine metabolic enzyme activity, and phenotype rever-

sal. Together, our results indicate that DFMO represents a potential

treatment for SRS patients that targets the underlying biochemical

aspects of the pathology. As DFMO is an FDA-approved drug with a

history of safe administration, our results strongly support its fur-

ther clinical development in the context of SRS.

Results

DFMO reduces the SPD/SPM ratio in SRS patient cells

As DFMO inhibits the first step in polyamine biosynthesis, we antici-

pated a reduction in intracellular SPD pools upon treatment of SRS

cells. SRS patient-derived lymphoblastoid and fibroblast cell lines

representing a panel of SMS variants were exposed to DFMO

followed by HPLC-based analyses of intracellular polyamine levels.

The results revealed dose-dependent reductions in SPD/SPM ratios

that reached those determined in cells with wild-type SMS (Figs 2A,

bottom panel, and EV1). As expected, decreased SPD concentrations

contributed to this reduction (Fig 2A, top). However, these data also

indicated increases in SPM concentrations, suggesting enhanced

conversion of SPD into SPM by these defective SMS enzymes in the

presence of DFMO.

In response to perturbations in polyamine biosynthesis, cells

employ compensatory homeostatic control mechanisms (Casero Jr.

et al, 2018). We considered that SRS-affected cells are likely

responding to ODC inhibition by upregulating a second biosynthetic

enzyme, S-adenosylmethionine decarboxylase (AMD1, Fig 1). Treat-

ment with DFMO (96 h, 0.2 mM) strongly induced AMD1 activity in

lymphoblastoid cells from SRS patients (Fig 2B), suggesting

increased availability of its reaction product, dcSAM, which is the

aminopropyl group donor for SPM synthesis through the hypo-

morphic SMS enzymes. LC/MS analysis of intracellular dcSAM

Table 1. Variants and ratios of SRS patient-derived cell lines in the
current study.

DNA
variant Protein

SPD/SPM ratio
means � s.e.m.
(n ≥ 2) References

WT WT 1.75 � 0.18 (L)
0.54 � 0.07 (f)

c.166g>a G56S 13.68 � 0.78 (L) de Alencastro
et al (2008)

c.329+5g>a Truncated,
novel protein
with some
WT

7.39 � 1.20 (L)
1.50 � 0.29 (f)

Arena et al (1996),
Cason et al (2003),
Snyder &
Robinson (1969)

c.335c>t P112L 1.74 � 0.08 (f) Peng et al (2016)

c.443a>g Q148R 9.43 � 0.69 (f) Albert et al (2015)

c.449t>c I150T 2.94 � 0.58 (f) Zhang et al (2010)

c.831g>t L277F 4.75 � 0.83 (f) Starks et al (2018)

c.906-
909del

M303K*fs3 N/Aa (f) Larcher et al (2019)

(f), fibroblast; (L), lymphoblast; WT, wildtype.
aRatio of N/A is due to complete lack of SPM.

Figure 1. Effects of hypomorphic SMS and DFMO on the mammalian
polyamine metabolic pathway in SRS patient-derived cells.

Putrescine is derived from ornithine via ornithine decarboxylase (ODC), the
first rate-limiting step in polyamine biosynthesis. S-adenosylmethionine
decarboxylase (AMD1) activity provides the aminopropyl donor dcSAM for
use by spermidine synthase (SRM) and spermine synthase (SMS) to create
spermidine and spermine, respectively. In SRS, hypomorphic SMS function
causes spermidine accumulation while spermine levels are reduced. DFMO is
an irreversible suicide inhibitor of ODC. This block of polyamine biosynthesis
gradually reduces polyamine pools, triggering compensatory uptake of extra-
cellular polyamines and induction of AMD1 activity that favors conversion
into the higher polyamines (spermidine and spermine). MTA,
methylthioadenosine.
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levels further support this hypothesis: dcSAM levels were elevated

with DFMO treatment in all cell lines examined, with substantially

greater levels evident in the SRS lines compared to WT (Fig 2C). In

the absence of DFMO, dcSAM was below the limit of detection

in cells with WT SMS, while SRS patient lymphoblasts contained

readily measurable amounts (Fig EV2A), consistent with a previous

report (Pegg et al, 2011). Levels of unmodified SAM did not differ

among the untreated cell lines. However, treatment of the SMSG56S

SRS line with DFMO was associated with a reduction of SAM

concentrations (Fig EV2B). Further, cotreatment with the AMD1

inhibitor CGP48664 (Regenass et al, 1994) completely blocked the

DFMO-mediated increase in SPM production in SRS cells (Fig 2D),

supporting a critical role for AMD1 induction in the response to

DFMO. To further confirm our hypothesis that DFMO facilitates the

conversion of SPD to SPM in SRS cells containing hypomorphic vari-

ants of the SMS protein, we exposed SRS cells containing a complete

loss-of-function (LOF) SMS variant to DFMO (Fig 2E). Consistent

with DFMO-mediated inhibition of biosynthesis, SPD was reduced;

however, no SPM was evident in these cells regardless of DFMO

dosage. Together, these data indicate a mechanism of action for

DFMO in cells with hypomorphic SMS that includes reduced levels

of SPD in conjunction with AMD1-mediated increased availability of

dcSAM that facilitates SPM biosynthesis by the defective SMS

enzyme (Fig 1).

SMS variants alter sensitivity to DFMO-mediated
growth inhibition

DFMO can be anti-proliferative, particularly in rapidly dividing cells

with increased dependence on polyamines. SRS or healthy donor

fibroblast cell lines were incubated for 96 h in the presence of

increasing concentrations of DFMO (Fig 3A). Cell lines chosen for
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Figure 2. Mechanism of action of DFMO in SRS patient-derived lymphoblastoid cells.

A DFMO treatment reduced intracellular SPD levels and increased SPM (top), correcting the SPD/SPM ratio to SMSWT levels (bottom). SRS cells were treated with
increasing concentrations of DFMO as indicated below the bottom panel. Untreated cell lines from two different SMSWT healthy donors are included for comparison.
Individual polyamine concentrations from two independent biological replicates (each performed in technical duplicate) are plotted with means indicated by column
height; concentrations are presented as nmol polyamine per mg protein in the lysate in the top panel, with SPD/SPM ratio calculations plotted in the bottom panel.

B DFMO treatment (96 h, 0.2 mM) induced AMD1 enzymatic activity, presented as pmol of CO2 released in 1 h per mg of protein in the cell lysate. Column heights
indicate the means of two biological replicates (each individually indicated as the mean of triplicate measurements). NT, no treatment.

C DFMO treatment (96 h, 0.2 mM) increased intracellular concentrations of dcSAM, the reaction product of AMD1 essential for SPM biosynthesis. LC–MS/MS was used
to quantify dcSAM levels in DFMO-treated lymphoblasts. Columns indicate the means of independent biological experiments denoted as symbols.

D Cotreatment with an AMD1 inhibitor (1 lM CGP48664, 96 h) prevented the DFMO-mediated production of SPM in SMSG56S cells (columns indicate the means of indi-
vidually plotted biological replicates, each of which represents the average of duplicate measurements).

E SRS patient cells with complete loss of SMS function (“LOF”, SMSM303K*fs3) responded to DFMO treatment with significantly reduced SPD production but did not
produce SPM, supporting the hypomorphic versions of SMS as the source of DFMO-mediated SPM production. (n = 3, duplicate measurements, ordinary one-way
ANOVA, Dunnett’s correction for multiple comparisons). WT, wild-type SMS.

Data information: Columns and bars indicate the means with s.e.m.
Source data are available online for this figure.
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these studies represented severely affected (I150T) and more mildly

affected (c.329+5g>a, P112L) patients with varying elevations in

ratios resulting from the individual SMS mutations (Table 1; Murray

Stewart et al, 2020). Despite similar growth rates, these hypo-

morphic SRS cell lines were found to be significantly more resistant

to the growth inhibitory effects of DFMO than WT cells from healthy

donors (shown are combined data from two different WT cell lines).

In contrast, cells with a complete LOF mutation (M303K*fs3) in SMS

demonstrated increased sensitivity to DFMO compared to WT cells.

Specifically, the hypomorphic cell lines differed in the maximum

inhibition of growth caused by DFMO exposure, ranging from

approximately 10 to 27%, while WT cells demonstrated a maximum

of approximately 46%. Although the maximum growth inhibition of

the LOF mutant was similar to that of WT (~50%), a left-shifted

curve was observed that was reflected in a reduction of the IC50

value from 79 lM in SMSWT cells to 27 lM in the LOF mutant line

(Table 2). Regardless of the degree of growth inhibition resulting

from DFMO exposure, proliferation was completely rescued when

low doses of SPM or its mimetic (1,12-Me2SPM) were included dur-

ing treatment (Fig 3B and C).

DFMO induces uptake of and cooperates with extracellular
spermine or a mimetic to reduce the SPD/SPM ratio

We previously established that both lymphoblastoid and fibroblast

cell lines originating from SRS patients could import SPM from the

extracellular environment to restore a more normal polyamine dis-

tribution profile (Murray-Stewart et al, 2018, 2020). Inhibition of

polyamine biosynthesis with inhibitors such as DFMO is known to

evoke a compensatory increase in polyamine import activity. We

therefore investigated the effects of treating SRS cells with DFMO in

the presence of physiologically relevant concentrations of extracellu-

lar SPM. Aminoguanidine (1 mM) was included in the culture

medium to inhibit the extracellular oxidation of SPM (Holbert

et al, 2020). In SRS lymphoblasts with the SMSG56S mutation, pro-

viding exogenous SPM in a concentration range relevant to that

reported in human plasma (Liu et al, 2012) did not reduce the con-

centration of SPD or total polyamines, but it did reduce the SPD/

SPM ratio (Fig 4A). However, in the presence of DFMO, these same

SPM concentrations more effectively restored intracellular SPM con-

centrations, decreased SPD levels, and returned the SPD/SPM ratio

to that observed in SRS WT cells.

To clarify the effect of DFMO treatment on polyamine uptake, we

replaced SPM with 1,12-Me2SPM, a SPM mimetic that is resistant to

amine oxidase activity and is capable of supporting cellular prolifer-

ation in the presence of DFMO (Lakanen et al, 1992; Byers

et al, 1994; Jarvinen et al, 2005). Me2SPM is also easily distin-

guished from endogenous SPM by HPLC, thus allowing precise mea-

surement of intracellular concentrations. The presence of DFMO
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Figure 3. Effects of DFMO on SRS patient fibroblasts: mutation-specific sensitivity and rescue by spermine.

Dose responses of fibroblast cell lines to DFMO were plotted by non-linear regression for comparison of sensitivity and IC50 values.
A Cells from healthy donors (WT) or SRS patients (indicated by SMS variant) were grown for 96 h in the presence of increasing doses of DFMO. Biological n = 3, each in

technical triplicate with mean values plotted. Comparison of fits using extra sum-of-squares F test indicate the curves of each SMS variant treated with DFMO alone
significantly differed from the WT curve (P < 0.0001).

B Growth of cells from healthy donors (WT) or SRS patients exposed to DFMO was rescued by combination with 1 lM SPM.
C Growth of cells from healthy donors (WT) or SRS patients exposed to increasing doses of DFMO was rescued by 1 lM of the spermine mimetic 1,12-Me2SPM.

Data information: All treatments included 1 mM aminoguanidine to inhibit extracellular polyamine oxidation. Cell viability was measured by fluorescence following
incubation with CellTiter Blue. Results are presented as percentages relative to untreated cells, and data points represent the means of independent biological
experiments, each performed in triplicate wells. No differences existed between curves in the presence of SPM or mimetic. LOF, loss-of-function.
Source data are available online for this figure.

Table 2. Differential sensitivity of SMS variant fibroblast cell lines to
DFMO (t = 96 h).

SMS genotype WT I150T P112L c.329+5 LOF

IC50 (lM) 76.3 63.7 53.2 54.2 27.3

% max inhibition 45.0 9.7 24.0 27.5 48.8
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increased the accumulation of intracellular Me2SPM by approxi-

mately three-fold (Fig 4B), thereby reducing the dose required and

potentially reducing off-target effects. Polyamine pool analyses con-

firmed that DFMO and Me2SPM cooperatively reduced the elevated

levels of SPD, total polyamines, and the SPD/SPM ratio in SRS cells

(Fig 4C), indicating the combination of DFMO and Me2SPM as a

potential treatment option.

DFMO extends lifespan in a Drosophila model of SRS

We used a previously reported Drosophila model of SRS to deter-

mine the potential for phenotype reversal by DFMO in vivo (Li

et al, 2017). The phenotype of this model includes a significantly

shortened lifespan that can be reversed by overexpression of wild-

type human SMS. As the dSMS gene is autosomal in flies, both male

and female flies were included in the study. The addition of increas-

ing concentrations of DFMO to the feed of dSms�/� flies increased

lifespan in a dose-dependent manner (Figs 5A and EV3). Survival of

male flies was significantly extended starting at 1 mM DFMO, with

the highest dose, 10 mM, lengthening median life span from 21 to

35 days (Fig 5B). Survival in female flies was also significantly

extended, albeit to a lesser extent (Fig EV3). These results indicate

the feasibility of oral administration of DFMO in eliciting systemic,

phenotype-reversing effects at the organismal level, and together
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Figure 4. SPD/SPM ratio reduction by DFMO is enhanced in the presence of extracellular spermine or a spermine mimetic.

SMSG56S lymphoblasts were exposed to physiologically relevant doses of extracellular SPM or the SPM mimetic Me2SPM in the presence of DFMO (with 1 mM

aminoguanidine to inhibit bovine serum amine oxidases) for 96 h, followed by polyamine pool determinations by HPLC. Untreated lymphoblast lines from two different

SMSWT healthy donors are included for comparison of polyamine levels and SPD/SPM ratio.
A The provision of exogenous SPM improved the response to DFMO by reducing SPD and increasing SPM, together reducing the SPD/SPM ratio (orange dots plotted on

the right axis) beyond that with DFMO or SPM alone; n = 3; orange bars and error bars indicate the mean ratios with s.e.m.
B DFMO increased accumulation of Me2SPM. Increases in intracellular concentrations of Me2SPM were measured by HPLC following cotreatment with DFMO (n = 3,

ordinary two-way ANOVA with Dunnett’s multiple comparisons test).
C Low-dose DFMO improved response to Me2SPM by reducing SPD, improving uptake, and returning the ratio (orange dots plotted on the right axis) to that of SMSWT

cells (n = 3; orange bar and error bars indicate the mean ratios with s.e.m.).

Data information: In all panels, intracellular polyamine levels are plotted as columns on the left axis and indicate the means � s.e.m. of “n” biological experiments, each
performed in duplicate.
Source data are available online for this figure.
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with our biochemical data in patient cell lines, support the use of

DFMO clinically in the context of SRS.

Discussion

Our studies indicate the potential repurposing of DFMO as a treat-

ment strategy for males with SRS. To date, only a single patient has

been identified with complete loss of SMS activity (Larcher

et al, 2019). Partial LOF, hypomorphic variants are much more com-

mon, which often interfere with the dimerization required for effi-

cient aminopropyltransferase activity (Wu et al, 2008; Zhang

et al, 2010; Peng et al, 2016). Our treatment of SRS cells in culture

with DFMO demonstrates that the hypomorphic SMS enzymes can

indeed convert SPD into SPM, a reaction that depends upon induc-

tion of AMD1 (Fig 2A–D). In contrast, treatment of the SMS LOF line

reduces the SPD concentration but fails to produce SPM (Fig 2E).

Increased availability of dcSAM to the hypomorphic enzyme likely

contributes to this reaction; however, whether the SMS enzyme

itself is affected by the DFMO treatment remains to be determined.

It should be noted that although DFMO is a specific and irreversible

inhibitor of ODC, the synthesis and rapid turnover of ODC results in

some PUT generation which, in the presence of high dcSAM is rap-

idly converted to SPD and ultimately SPM, if functional SMS is pre-

sent (Glass & Gerner, 1986).

Decarboxylated SAM, resulting from AMD1 activity, provides the

aminopropyl donor for transfer onto PUT or SPD acceptor molecules,

thereby forming SPD or SPM, respectively (Fig 1). The increase in

basal AMD1 enzyme activity observed in the SRS lymphoblasts com-

pared to those with wild-type SMS is consistent with the increased

generation of dcSAM. Of the polyamines, SPM most potently down-

regulates AMD1 activity (Pegg, 1984; Shantz et al, 1992), suggesting

that the reduced SPM levels characteristic of SRS cells may contrib-

ute to these results. The reduced use of dcSAM by the variant SMS

enzymes further contributes to its accumulation. Similar results have

been reported in cells from SRS patient families including those with

the SMSG56S variant and the SMSI150T variant, not included in the cur-

rent study (Pegg et al, 2011). In Gy mice, which completely lack the

Sms gene, significantly elevated dcSAM levels were detected in

the brain, kidney, liver, and heart (Pegg et al, 2011).

Though compensatory responses to polyamine biosynthesis inhi-

bition by DFMO has been well documented in a variety of cell types

(Mamont et al, 1982; Pegg, 1984; Shantz et al, 1992), it has not been

previously investigated in SRS patient cells. DFMO treatment greatly

induced AMD1 activity in lymphoblastoid cell lines. While the

extent of induction was similar between WT cells and the G56S vari-

ant, induction in the c.329+5 variant significantly exceeded either of

these (Fig 2B). However, the resulting accumulation of the AMD1

product, dcSAM, did not correlate with AMD1 activity, but rather

inversely correlated with SMS activity, as indicated by the resulting

positive correlation with SPD/SPM ratio (Fig 2A, bottom panel and

C; note that SPD is entirely depleted by DFMO in WT cells, thus no

ratio is indicated). By inhibiting ODC, DFMO reduces the production

of PUT and SPD, thereby reducing the pool of potential acceptors of

dcSAM in aminopropyltransferase reactions. This substrate limita-

tion, combined with active SPD and SPM synthesis, accounts for the

lower dcSAM accumulation in WT cells. Though the elevated SPD

levels in SRS cells reduces the substrate limitation, the lack of effi-

cient aminopropyltransferase activity by the SMS variants allows

additional dcSAM buildup that is available for transfer mainly onto

SPD by SMS. The c.329+5g>a SMS variant disrupts a splice site,

resulting in a truncated protein in addition to the full-length, func-

tional SMS protein due to read-through (Cason et al, 2003). Conse-

quently, cells with this variant have measurable SMS activity that
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Figure 5. DFMO extends lifespan in male dSms�/� Drosophila.

The indicated concentration of DFMO was administered in the feed and survival was observed.
A n = 52 in the control group, and 50 in each of the 0.5, 1, and 2-mM DFMO treatment groups.
B n = 50 each in the 0 and 10-mM DFMO treatment groups.

Data information: The resulting survival curves were compared using the log-rank (Mantel–Cox) test; **P = 0.0041, ***P = 0.0008, ****P < 0.0001. DAE, days after eclosure.
Source data are available online for this figure.
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maintains a SPD/SPM ratio 3–4 times that of WT controls (Fig 2A,

bottom panel and Cason et al, 2003). DFMO facilitates the conver-

sion of SPD into SPM at concentrations as low as 50 lM in both

lymphoblasts and fibroblasts with this variant (Figs 2A and EV1).

This increased utilization of dcSAM in the SMS reaction is likely

responsible for the difference in dcSAM measured between the 2

SRS cell lines (Figs 2C and EV2A). The G56S variant of SMS pos-

sesses very little enzymatic activity, resulting in a ratio approxi-

mately 8-fold greater than controls (Table 1, Fig 2A, bottom and de

Alencastro et al, 2008) and requiring higher DFMO concentrations

to appropriately reduce the ratio, although it should be noted that

the 0.2 mM concentration of DFMO used remains much lower than

the doses commonly used to inhibit biosynthesis in cultured cells.

The evident inverse association between intracellular SPM and

dcSAM concentrations following DFMO treatment may also reflect

negative regulation of AMD1 activity by SPM in situ (Shantz

et al, 1992). These results also suggest that clinical use of DFMO to

treat SRS patients may need to be tailored to the individual

depending on the amount of residual SMS activity or SPD/SPM

ratio. Indeed, in cell lines with the c.329+5g>a variant (Figs 2A and

EV1), exposure to DFMO ultimately depleted SPD pools, which may

also be detrimental. However, we anticipate the in vivo situation to

be less responsive in this regard due to compensatory uptake of

extracellular PUT and/or SPD. Future studies in relevant mamma-

lian animal models should clarify this potential. Regardless, the

results of these studies indicate that a functional readout of SMS

activity, such as SPD/SPM ratio, should be an important consider-

ation in DFMO clinical trial design.

Though dcSAM levels are elevated in SRS patient cells, no evident

differences were detected in baseline SAM levels (Fig EV2B), as previ-

ously observed (Pegg et al, 2011). However, following treatment with

DFMO, a clear decrease in SAM was noted in the SMSG56S cell line,

concurrent with this cell line demonstrating the greatest accumulation

of dcSAM. This result warrants further consideration and potentially

indicates a need for SAM supplementation in the clinical context, as

SAM is an important methyl group donor for many reactions.

Our studies indicate the potential for DFMO to improve the low

bioavailability of SPM that is apparent with its oral ingestion in

SMS-deficient animals (Mackintosh & Pegg, 2000; Wang

et al, 2009). Additionally, while DFMO cannot stimulate the produc-

tion of SPM by SMS LOF variants, it does stimulate uptake of SPM,

as indicated by our rescue experiments (Fig 3), thereby providing a

source of SPM to lower the SPD/SPM ratio. These rescue experi-

ments also indicated that the most common SRS-associated muta-

tions, all of which are hypomorphic, increase resistance to the

growth inhibitory effects of DFMO. Although, as extracellular

sources of SPM include the diet and microbiota (Mu~noz-Esparza

et al, 2019; Holbert et al, 2022), growth inhibition by DFMO is not

anticipated to be a treatment limitation in SRS. However, an early

mouse model that completely lacked the chromosomal region

including the Sms gene was extremely sensitive to DFMO, which

had detrimental effects (Wang et al, 2009). Whether this resulted

from the lack of Sms activity or an alternative function is unclear,

but caution is warranted when considering patient inclusion criteria

for clinical trial design. Conversely, the Drosophila strain used in

these studies also had complete lack of Sms function. These flies

were viable and responded positively to the addition of DFMO.

Notably, the standard media used for Drosophila studies includes

measurable SPM (approximately 4 nmol/mg), suggesting its

enhanced uptake by the dSms�/� flies may be responsible for the

extended lifespan in response to DFMO. DFMO also improved

the uptake and response to R,R-1,12-Me2SPM (Fig 4B and C), a met-

abolically stable SPM mimetic we previously reported to improve

the SPD/SPM ratio in SRS patient cell lines (Murray Stewart

et al, 2020). Alpha-methylation of SPM prevents its acetylation and/

or oxidation via the polyamine catabolic enzymes, cellular mono-

amine and diamine oxidases, as well as serum amine oxidases

(Lakanen et al, 1992; Hyvonen et al, 2007). The production of toxic

byproducts via these reactions limits the use of native SPM as a

treatment in vivo, especially when administered to animals by intra-

venous or intraperitoneal routes (Tabor & Rosenthal, 1956; Til

et al, 1997; Pegg, 2013). Thus, as Me2SPM is amenable to more

direct modes of delivery, it could serve as an alternative to replace

SPM. Although Me2SPM effectively reduced SPD/SPM ratios when

administered to intraperitoneally mice, evidence of toxicity was

observed at higher concentrations (Murray Stewart et al, 2020). Our

data indicating a combined effect of DFMO and Me2SPM importantly

imply that, when used together, lower doses of each will be required

to elicit the desired effect, thereby reducing the potential for adverse

effects. A mouse model of SRS, which harbors the clinically relevant

SmsG56S mutation, recently became available (The Jackson Labora-

tory, strain #033707). Our plans for future studies include determin-

ing the effects of DFMO, SPM, and Me2SPM on these mice;

however, a patient-relevant phenotype must first be identified.

DFMO is clinically approved for the treatment of African trypanoso-

miasis (Bacchi, 2009), and its use as a maintenance therapy for pediat-

ric neuroblastoma patients has provided valuable data on safety and

long-term administration (Saulnier Sholler et al, 2015; Lewis

et al, 2020). DFMO has a decades-long history of safe administration in

clinical trials and has recently been repurposed to treat patients with

Bachmann–Bupp syndrome (BABS), a newly identified genetic disorder

resulting from an ODC gain-of-function variant (Bupp et al, 2018; Raja-

sekaran et al, 2021). The presentation of BABS emulates that of SRS in

several aspects, including developmental delay, hypotonia, dysmorphic

features, and non-specific brain MRI findings (VanSickle et al, 2021),

most of which dramatically improved with DFMO treatment (Rajase-

karan et al, 2021). Notably, both BABS and neuroblastoma patients

receive multiple oral doses of DFMO daily on a continuing basis, repre-

senting patient populations and dosing schedules similar to those antic-

ipated in an SRS clinical trial. Our studies in SRS patient-derived cell

lines indicate that DFMO effectively reverses the aberrantly elevated

SPD/SPM ratio that is the main biochemical hallmark of SRS. Addition-

ally, adding DFMO to the feed of Drosophila lacking dSms significantly

extends lifespan, a main phenotype in this SRS model (Li et al, 2017).

Taken together, our results indicate that repurposing DFMO for the

treatment of SRS is a valid therapeutic strategy that targets the underly-

ing biochemistry driving the SRS phenotype, thereby supporting further

clinical translation of DFMO into this population.

Materials and Methods

Cell lines, culture conditions, and compounds

Lymphoblastoid and dermal fibroblast cell lines were derived from

male SRS patients or healthy donors at the Greenwood Genetic
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Center (Greenwood, SC) and were previously described (Cason

et al, 2003; de Alencastro et al, 2008; Becerra-Solano et al, 2009;

Murray-Stewart et al, 2018). Our cell line panels include seven

unique SMS variants (Table 1), representing 35% of the total

published variants (Schwartz et al, 1993), along with sex-matched

cell lines expressing wild-type SMS. Lymphoblastoid lines were

maintained in RPMI 1640 containing 15% fetal bovine serum (Gem-

ini Bio-Products, Sacramento, CA), 2 mM glutamine, sodium pyru-

vate, non-essential amino acids (NEAA), and penicillin/

streptomycin at 5% CO2 and 37°C. Fibroblast cell lines were main-

tained in DMEM containing 15% fetal bovine serum, L-glutamine,

sodium pyruvate, NEAA, and antibiotics at 5% CO2 and 37°C. All

cell lines were determined to be free of mycoplasma within

6 months of experimentation (MycoAlert, Lonza, Walkersville,

MD). (R,R)-1,12-Me2SPM was synthesized previously (Grigorenko

et al, 2007) and DFMO was provided by Professor Patrick M. Woster

(Medical University of South Carolina).

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 previously described (Kabra et al, 1986). HPLC

standards included diaminoheptane (internal standard), PUT, SPD,

SPM, and acetylated SPD and SPM, all of which were purchased

from Sigma Chemical Co. Enzyme activity assays were performed

for SAMDC using radiolabeled SAM, as previously described

(Pegg, 1984). Enzyme activities and intracellular polyamine determi-

nations are presented relative to total cellular protein, as determined

using the Bio-Rad Protein Assay (Hercules, CA) with interpolation

on a bovine serum albumin standard curve.

SAM and dcSAM quantification

SAM and dcSAM levels were quantified using a method developed

by the Analytical Pharmacology Shared Resource of the Sidney Kim-

mel Comprehensive Cancer Center at Johns Hopkins. Decarboxy-

lated SAM-d3 was purchased from Toronto Research Chemicals

(North York, Ontario, CA). Unlabeled dcSAM and SAM were pur-

chased from Sigma Chemical Co. Deionized water was obtained

from a Millipore Milli-Q-UF filtration system (Milford, MA). A stan-

dard solution containing the target analytes, SAM, and dcSAM

(1 mg/ml), was prepared in acetonitrile:water (50:50, v/v). These

stock standard solutions were diluted with methanol:water (50:50,

v/v) to prepare a mixed working solution with different concentra-

tions. dcSAM-d3 was used as internal standard (I.S.) and prepared

in water at a concentration of 15 ng/ml. Stock and working solu-

tions were stored at 4°C for daily use.

Methanol:water (50:50, v/v) was selected as the extraction sol-

vent and yielded good extraction recoveries for SAM and dc-SAM.

First, 500 ll of the extraction solvent were added to the frozen cell

pellets, the identities of which were concealed until analysis was

complete. The samples were slowly thawed at room temperature.

Subsequently, the cells were shock-frozen in �80°C for 10 min and

thawed for a second time at room temperature. The samples were

vortexed and sonicated for 60 s, then vortexed and centrifuged at

12,000 g for 5 min at 4°C. After centrifugation, 50 ll of each

supernatant was transferred into an autosampler vial along with

20 ll of the internal standard for LCMS/MS analysis of dc-SAM.

Another 50 ll of the supernatant was added to 450 ll of cold metha-

nol, and then 50 ll of the diluted solution along with 20 ll of the
internal standard was transferred into autosampler vials for LCMS/

MS analysis of SAM.

Separation was achieved with a Waters Acquity UPLC BEH

Amide 2.1 × 100 mm, 1.7 lm (Waters Corporation, Milford, MA).

Mobile phase A was 0.1% formic acid in 10 mM of ammonium for-

mate, and mobile phase B was 0.1% formic acid in acetonitrile. A

gradient was used and mobile phase B was held at 15% with a flow

rate of 0.15 ml/min for 0.5 min. It was then increased to 80% over

1.5 min and held there for 2 min, then returned to 15% B and was

held there for 1 min. The column effluent was monitored using an

SCIEX 6500 triple quadrupole mass-spectrometric detector (Sciex,

Foster City, CA, USA) using electrospray ionization operating in pos-

itive mode. The mass spectrometer was programmed to monitor the

following MRM transitions: 399.04 ? 250.10 for SAM, 356.96 ?
250.20 for dcSAM, and 357.97 ? 250.00 for the internal standard,

dcSAM-d3. Calibration curves for SAM and dcSAM were computed

using the area ratio peak of the analysis to the internal standard by

using a quadratic equation with a 1/x2 weighting function and cali-

bration ranges of 5 to 1,000 ng/ml. For SAM, the additional 1:10

dilution was factored into the final concentration calculation.

Cell proliferation assays

Fibroblast cells were seeded at 1,000 cells/well in 96-well plates and

allowed to attach overnight. Growth medium was replaced with that

containing increasing concentrations of DFMO with or without

1 lM R,R-1,12-Me2SPM or SPM in the presence of 1 mM aminogua-

nidine (100 ll total per well), and cells were incubated 96 h.

CellTiter-Blue reagent (Promega, Madison, WI) was added (20 ll/
well) followed by an additional 3-h incubation at 37°C. Fluorescence

was measured in white, opaque-bottom plates at 560Ex/590Em on a

SpectraMax M5 platereader (Molecular Dynamics, Sunnyvale, CA),

using wells containing medium alone (no cells) as background con-

trols. Non-linear, least squares regression curves were plotted for

determination of IC50 values and maximal inhibition.

Drosophila studies

The dSms mutant fly (dSms�/�) strain has been previously charac-

terized (Li et al, 2017; Tao et al, 2022). Flies were maintained in

vials with cornmeal–molasses–yeast medium at 22°C, 65% humid-

ity, and 12-h light/12-h dark. To measure the life span, newly

eclosed flies were collected, and 10–20 randomly selected flies of

the same sex were kept in vials with food with or without the indi-

cated concentration of DFMO. Flies were transferred to new vials

every week, and the number of dead flies was counted every

other day.

Statistical analyses

All statistically significant differences were determined using

GraphPad Prism software (v. 9.5.1, La Jolla, CA). Datasets passed

Shapiro–Wilk normality tests prior to further analyses. Comparisons

between untreated and treated WT and SRS cell lines were performed
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as indicated in figure legends, with correction for multiple compari-

sons. P-values ≤ 0.05 were considered statistically significant.

Data availability

This study includes no data deposited in external repositories.

Expanded View for this article is available online.
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Expanded View Figures
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Figure EV1. Effect of DFMO on SPD and SPM
pools in SRS patient fibroblast cell lines.

Fibroblasts with hypomorphic mutations of SMS
(c.329+5, Q148R, P112L, and L277F) were treated for
96 h with increasing doses of DFMO and analyzed by
HPLC for intracellular polyamine levels. A dose-
dependent reduction in SPD is observed concurrent
with increased SPM concentrations. Data represent
the means of duplicate determinations and is
presented as nmol polyamine per mg total protein in
the lysate. Stacking of individual polyamine levels
allows visualization of total polyamine concentration
at baseline and with treatment. Cell lines from two
different WT donors are included for comparison.
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Figure EV2. Concentrations of dcSAM and SAM in lymphoblastoid cell lines.

A Baseline concentrations of dcSAM in SRS lymphoblasts compared to wildtype (WT) were determined by LCMS/MS. Levels were below the limit of detection in WT cells
but were elevated in SRS cells, with the highest accumulation in cells from the more severely affected SMSG56S variant.

B WT and SRS lymphoblasts were treated 96 h with 0.2 mM DFMO. SAM levels were quantified by LCMS/MS and normalized by cell number.

Data information: values are plotted from independent experiments with column height indicating the means.
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Figure EV3. DFMO extends lifespan in female dSms�/� Drosophila.

The indicated concentration of DFMO was administered in the feed and survival was observed.
A n = 52, 50, 53, and 53 in the 0, 0.5, 1, and 2-mM DFMO treatment groups, respectively.
B n = 50 and 53 in the 0 and 10-mM DFMO treatment groups, respectively.

Data information: The resulting survival curves were compared using the log-rank (Mantel–Cox) test. (WT vs. 2 mM DFMO, P = 0.0312; WT vs. 10 mM DFMO, P = 0.038).
DAE, days after eclosure.
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