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10 Abstract: Loss-of-function mutations of the spermine synthase gene (SMS) result in Snyder-Robinson
11 Syndrome (SRS), a recessive X-linked syndrome characterized by intellectual disability,
12 osteoporosis, hypotonia, speech abnormalities, kyphoscoliosis, and seizures. As SMS catalyzes the
13 biosynthesis of the polyamine spermine from its precursor spermidine, SMS deficiency causes a
14 lack of spermine with an accumulation of spermidine. As polyamines, spermine and spermidine
15 play essential cellular roles that require tight homeostatic control to ensure normal cell growth,
16 differentiation, and survival. Using patient-derived lymphoblast cell lines, we sought to
17 comprehensively investigate the effects of SMS deficiency on polyamine homeostatic mechanisms
18 including polyamine biosynthetic and catabolic enzymes, derivatives of the natural polyamines,
19 and polyamine transport activity. In addition to decreased spermine and increased spermidine in
20 SRS cells, ornithine decarboxylase activity and its product putrescine were significantly decreased.
21 Treatment of SRS cells with exogenous spermine revealed that polyamine transport was active, as
22 the cells accumulated spermine, decreased their spermidine level, and established a
23 spermidine-to-spermine ratio within the range of wild type cells. SRS cells also demonstrated
24 elevated levels of tissue transglutaminase, a change associated with certain neurodegenerative
25 diseases. These studies form a basis for further investigations into the leading biochemical changes

26 and properties of SMS-mutant cells that potentially represent therapeutic targets for the treatment
27 of Snyder-Robinson Syndrome.

28 Keywords: Snyder-Robinson Syndrome; spermine synthase; X-linked intellectual disability;
29 polyamine transport; spermidine; spermine; transglutaminase

31 1. Introduction

32 First described in 1969 [1], Snyder-Robinson Syndrome (SRS) is an X-linked intellectual
33 disability syndrome resulting from mutation of the spermine synthase (SMS) gene, located at
34 chromosome Xp22.11 [2]. Active only as a homodimer [3], SMS catalyzes the production of spermine
35  (SPM) from its precursor, spermidine (SPD), via the transfer of an aminopropyl group, which is
36  derived from decarboxylated S-adenosylmethionine (dcAdoMet) through the action of
37  S-adenosylmethionine decarboxylase (AdoMetDC; Figure 1). SRS males with the most severe
38  phenotypes lack functional SMS protein, biochemically resulting in elevated levels of intracellular
39  spermidine and near complete depletion of spermine. Spermidine and spermine, along with their
40  precursor putrescine (PUT), constitute the mammalian polyamines, organic polycations that are
41  absolutely essential for growth and proliferation. As their amine groups are protonated at
42 physiological pH, polyamines interact with negatively charged intracellular moieties, including
43 nucleic acids, chromatin, ion channels, certain proteins, and phospholipids [4-7]. Thus, alterations in
44 intracellular polyamine concentrations can elicit potentially detrimental effects, and polyamine
45  homeostasis must be tightly regulated through biosynthesis, catabolism, uptake, and excretion.
46  Additionally, the primary amino groups of polyamines are natural substrates for
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47  transglutaminase-catalyzed reactions that result in protein crosslinking that has been associated
48  with a number of pathologies [8,9]. As polyamines have essential roles in growth, differentiation,
49  and development, the imbalance that occurs in SRS results in a combination of clinical
50  manifestations including moderate-to-severe cognitive impairment, osteoporosis, asthenic build,
51  low muscle mass, facial asymmetry, speech abnormalities, and seizures [10].
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53 Figure 1. Mammalian polyamine biosynthesis. Polyamines are indicated in purple. Putrescine is
54 created from ornithine via ornithine decarboxylation (ODC). Conversion of putrescine to spermidine
55 and spermidine to spermine occurs through spermidine synthase (SRM) or spermine synthase
56 (SMS), respectively. Both enzymes require the activity of S-adenosylmethionine decarboxylase
57 (AdoMetDC) for the provision of the aminopropyl group donor (decarboxylated AdoMet). SRS
58 patients are deficient in SMS activity, resulting in decreased spermine and accumulation of
59 spermidine.
60 The current study investigates the biochemical effects of decreased SMS activity on the

61  individual enzymes in polyamine metabolism as well as its effect on polyamine uptake from the
62  extracellular environment and transglutaminase expression. SRS patient-derived lymphoblastoid
63  cell lines are used that range in severity of SMS loss-of-function and spermine pool depletion, in
64  comparison with those from healthy donors, to ascertain compensatory changes that might occur in
65  an attempt to regulate polyamine homeostasis. Results of these studies provide useful background
66  knowledge towards the goal of developing treatment strategies for these patients, of which there are
67  currently none.

68 2. Materials and Methods

69  2.1. Cell Lines and Culture Conditions

70 The lymphoblastoid cell lines were generated by transformation with Epstein-Barr virus as
71 previously described [11-13]. The lines were derived from 3 SRS patients and 2 healthy male donors.
72 Cells were grown in RPMI-1640 supplemented with 15% fetal bovine serum (Gemini Bio-Products,
73 Sacramento, CA), 2 mM glutamine, non-essential amino acids, sodium pyruvate, and
74 penicillin/streptomycin in a humidified 5% CO: atmosphere at 37°C. Uptake experiments were
75  conducted in the presence of 1 mM aminoguanidine (AG) to inhibit extracellular oxidation of
76  spermine by bovine serum amine oxidase present in the culture medium. For these experiments,
77  cells were incubated with either exogenous SPM (5 uM) or the polyamine analogue
78  bis(ethyl)norspermine (BENSpm) (10 uM) for 24 hours prior to collection and preparation for HPLC
79  analysis. BENSpm was synthesized as previously reported [14].
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80  2.2. Assay of Polyamine Concentrations and Enzyme Activities

81 Cell lysates were acid extracted and labeled with dansyl chloride, followed by determination of
82  intracellular polyamine concentrations via HPLC, as previously described [15]. Diaminoheptane,
83 PUT, SPD, SPM and acetylated derivatives of SPD and SPM used for HPLC standards were
84  purchased from Sigma Chemical Co. (St. Louis, MO). For HPLC analysis of culture medium, after 24
85  hours of growth, each culture was pelleted and 2 mLs (1/5 of the total volume) of medium were
86  removed, dried in a speed-vac, and resuspended in perchloric acid for acid extraction and labeling.
87 Enzyme activity assays were performed for spermidine/spermine N!-acetyltransferase
88  (SSAT/SATI), ornithine decarboxylase (ODC), and S-adenosylmethionine decarboxylase
89  (AdoMetDC/AMD1) using radiolabeled substrates, as previously described [16-18]. Oxidation via
90  spermine oxidase (SMOX) and Nl-acetylpolyamine oxidase (PAOX) was measured using
91  luminol-based detection of H20: in the presence of either SPM or Nl-acetylated spermine
92  (N!-AcSPM) as a substrate [19]. Enzyme activities and intracellular polyamine concentrations are
93  presented relative to total protein in the lysate, which was determined by the method of Bradford
94 [20], with interpolation on a bovine serum albumin standard curve.

95 2.3. Protein Isolation and Western Blots

96 For Western blot analyses of proteins, cells were lysed in 4% SDS containing a protease inhibitor

97  cocktail and homogenized using column-based centrifugation (Omega Bio-Tek, Norcross, GA). The

98  BioRad DC assay (Bio-Rad Laboratories, Hercules, CA) was used for protein quantification. Equal

99  amounts of reduced protein samples were separated on 4-12% Bis-Tris BOLT gels (Invitrogen,
100  Carlsbad, CA), transferred onto Immun-Blot PVDF (BioRad), and blocked in Odyssey blocking
101  buffer (LI-COR, Lincoln, NE). Primary antibodies were used targeting the following: ODC antizyme
102 1 (OAZ1) [21], spermidine synthase (SRM) (#19858-1-AP; Proteintech, Rosemont, IL), histone
103 deacetylase 10 (HDAC10) (#H3413; Sigma), and transglutaminase 2 (TGM2) (#ab421; Abcam,
104  Cambridge, MA), with pan histone H3 (#05-928; Upstate Cell Signaling Solutions, Lake Placid, NY)
105  as a normalization control. Secondary, species-specific, fluorophore-conjugated antibodies allowed
106  visualization and quantification of bands via near-infrared imaging on an Odyssey detection system
107  (LI-COR). Blot images were analyzed using Image Studio software (LI-COR).

108  2.4. RNA Isolation and Quantitation of Gene Expression

109 Total RNA was extracted from the lymphoblastoid cell lines using Trizol reagent (Invitrogen,
110  Carlsbad, CA) and used for cDNA synthesis with qScript cDNA SuperMix (Quanta Biosciences,
111  Gaithersburg, MD). The mRNA expression levels of polyamine-metabolism-associated genes in the
112 SRS versus wildtype (WT) lymphoblastoid lines were measured by SYBR-green-mediated (BioRad)
113 quantitative real-time PCR on a BioRad iQ2 detection system. Custom primers specific for human
114  ODC1, OAZ1, AMD1, SRM, SMS, SAT1, HDAC10, SMOX, PAOX, TGM2 and GAPDH were
115  synthesized by Integrated DNA Technologies (Coralville, IA). Primers were optimized on annealing
116  temperature gradients with melt curve analyses and agarose gel electrophoresis. Triplicate
117  determinations were obtained for each gene in each patient and normalized to GAPDH expression.
118  The fold-change in expression was determined using the 2-AACt algorithm.

119 2.5. Statistical Analyses

120 Statistically significant differences were determined by two-tailed Student’s t-tests with 95%
121 confidence interval using GraphPad Prism software (La Jolla, CA).
122
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123 3.Results
124 3.1. Alterations in Intracellular Polyamine Distribution
125 It has been previously reported that spermine concentrations are reduced while spermidine

126  concentrations are increased in SRS lymphoblast cell lines [11-13]. However, the overall effects on
127  other enzymes in the polyamine pathway have not been thoroughly evaluated. Based on these
128  previous studies, we chose 3 SRS cell lines with varying degrees of spermine synthase deficiency [10]
129  (Table 1), which was confirmed by our HPLC analyses of intracellular polyamine concentrations
130 (Figure 2). Along with SPM levels, PUT concentrations were also significantly decreased in the SRS
131  lines relative to the WT lines, while the intracellular SPD pools significantly increased, as observed
132 previously [11]. Consequently, the SPD/SPM ratio increased nearly 10-fold in the most affected lines
133 (Table 1, Figure 2). The total intracellular concentrations of polyamines did not significantly differ
134 among the genotypes examined, regardless of the severity of spermine deficiency (Figure 2d), and
135  none of the lysates contained detectable levels of acetylated SPD or SPM derivatives.

136 Table 1. Characteristics of lymphoblastoid cell lines. SPD/SPM ratios represent means with (SEM); n
137 = 5. Mutations, protein products, and SMS activity were as previously reported [10].
Cell line Mutation Protein SMS activity | SPD/SPM
WT1 none wild type yes 1.17 (0.04)
WT2 none wild type yes 0.83 (0.07)
329+ ; i
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SRS2 V132G decreased dimerization ND 9.56 (0.73)
SRS3 G565 no dimerization ND 9.85 (0.36)
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139 Figure 2. Alterations in basal intracellular concentrations of putrescine (a), spermidine (b), spermine
140 (c), and total polyamines (d) between SMS WT or mutant (SRS) lymphoblast cell lines (n = 5, each
141 measured in duplicate). Concentrations are presented as nmol of polyamine per mg of cellular
142 protein. The individual SRS cell line designations are orange for SRS1, blue for SRS2, and green for
143 SRS3. Error bars indicate SEM. *p < 0.05.
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145 3.2. Ornithine Decarboxylase Activity is Decreased in SRS

146 ODC is the first rate-limiting enzyme in polyamine biosynthesis and catalyzes the production of
147  PUT from ornithine (Figure 1). ODC activity was significantly lower in each of the SRS lymphoblast
148  lines compared to WT controls, consistent with the reduction in PUT levels observed in these cells
149  (Figure 3a). As the reductions in ODC activity did not correspond with reductions in ODC1 mRNA
150  expression (Figure Sla), we analyzed expression of ODC antizyme (OAZ), a negative regulator of
I51 ODC protein that targets its degradation via the 26S proteasome. We consistently observed
152 increased expression of OAZ protein only in SRS line 1, the least affected SRS line in terms of SMS
153 activity and SPM depletion (Figure 3b). Although this increase might be responsible for the
154  decreased ODC activity in these cells, it does not appear to contribute to that in SRS lines 2 or 3.
155  Consequently, it is likely that product inhibition due to the increased levels of SPD plays a role in the
156  reduced ODC activity. It is interesting that in spite of the obvious difference in SPD/SPM ratio
157  between SRS1 (3.76) and the other 2 SRS lines (9.56 and 9.85), the decreases in ODC activity and PUT
158  concentration among the 3 lines were quite similar, suggesting that the increased OAZ may serve to
159  supplement the feedback regulation by SPD in SRS line 1. As with ODC, no apparent change in
160  OAZ1 mRNA expression was observed to account for the change in protein (Figure Sla).
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162 Figure 3. (a) ODC activity in donor or SRS lymphoblasts (n = 2, in triplicate; error bars = SEM),
163 presented as pmol CO:z produced per hour per mg of total protein. Color designations are orange
164 (SRS1), blue (SRS2), and green (SRS3). (b) Representative Western blot of OAZ with pan histone H3
165 as loading control. The WTT1 cell line treated with SPD for 24 h was used as a positive control for

166 OAZ. *p <0.05.

167  3.3. Effects of SMS Mutations on SPD Biosynthesis

168 Our current study and others have observed that a common result of SMS loss-of-function
169  includes SPD accumulation (Fig. 2b)[11-13,22-24]. SPD biosynthesis is similar to that of SPM: SRM
170  catalyzes an aminopropyl group transfer from dcAdoMet to PUT, producing SPD (Figure 1). Both
171  SRM and SMS aminopropyl transfer reactions are therefore limited by the availability of dcAdoMet
172 and hence, the activity of AdoMetDC [25]. We examined the expression levels of these enzymes to
173 determine the extent to which biosynthesis through these steps might be affected in SRS. We found
174  that AdoMetDC activity and mRNA expression levels were similar among the five cell lines,
175  regardless of SMS status or intracellular SPM or SPD concentration (Figures 4a and Slb,
176  respectively). Although SRM gene expression was consistently upregulated in SRS line 2 (Figure
177  Slb), quantitative Western blots revealed SRM protein level in this line was similar to that of the WT
178  lines (Figure 4b). As AdoMetDC activity levels are essentially equal among the cell lines, the
179  possibility exists for increased availability of dcAdoMet for SPD biosynthesis in the absence of SMS
180  activity, thus contributing to SPD accumulation in these patients as well as the observed PUT
181  depletion. In regard to SMS, a severe reduction (>90% less than the average WT SMS expression
182  level) in the expression of the full-length SMS transcript was noted in SRS1 cells, consistent with
183  some read-through of the mutated splice site previously reported in these cells (Figure S1b) [11].
184  SMS transcript levels of the other 2 SRS lines were within the WT range.
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186 Figure 4. (a) Basal AdoMetDC activity (n =2, in triplicate) of donor or SRS lymphoblast lines. Color
187 designations are orange (SRS1), blue (SRS2), and green (SRS3). (b) Quantitative Western blots of SRM
188 in lymphoblast cell lines (n = 2). All error bars indicate SEM.
189 3.4. Effects of SMS Mutations on Polyamine Catabolism
190 One possible fate for excess SPD is its catabolism via SSAT (Figure 5a). A rate-limiting enzyme,

191  SSAT catalyzes the transfer of an acetyl group from acetyl CoA to the N! position of spermidine or
192 spermine. These N'-acetylated polyamines are then either exported from the cell or oxidized by
193 PAOX. This 2-step back-conversion via SSAT/PAOX thereby returns SPD or SPM to its precursor
194  (PUT or SPD, respectively). As SPD and SPM induce SSAT expression at multiple levels [26,27], we
195  investigated the possibility that SSAT mRNA and activity levels in the SRS lines might respond to
196  the altered SPD/SPM ratios. Line SRS3 demonstrated elevated SSAT transcript levels as well as
197  activity; however, a similar increase in activity was evident in WT line 2 (Figures 5b and Slc).
198  Additionally, PAOX activity, which typically is dependent upon substrate availability, was
199  significantly decreased by approximately 50% in each of the SRS lines compared to WT (Figure 5¢).
200  Overall, these data suggest that loss of SMS has little effect on the basal catabolism of SPD by SSAT,
201  with the decreased PAOX activity in the SRS lines potentially serving to increase export of any SPD
202  that does become N'-acetylated in lieu of its back-conversion to PUT. However, examination of
203  culture medium removed from the lymphoblasts after 24 hours of growth revealed a complete
204  absence of polyamines, including the acetylated derivatives, suggesting that polyamine catabolism
205  is not induced by excess SPD. SMOX, which directly oxidizes SPM back to SPD, was expressed at
206  very low mRNA levels in nearly all of the lymphoblast lines (Fig. S1d), with no protein or activity
207  detected regardless of SMS status.
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209 Figure 5. (a) The polyamine catabolic pathway. (b) SSAT and (c¢) PAOX activity assays. Color
210 designations in b and ¢ are orange for SRSI, blue for SRS2, and green for SRS3. All error bars indicate
211 SEM (n >2, in triplicate).

212 3.5. SRS Lymphoblasts Maintain Active Polyamine Transport

213 In addition to downregulating their own biosynthesis, an accumulation of polyamines also
214 suppresses the polyamine transport system, thereby inhibiting the uptake of additional polyamines
215  from the extracellular environment [21]. The lymphoblast cell lines were incubated in the presence of
216  exogenous SPM to determine if polyamine uptake/transport was altered in SRS lymphoblasts.
217  Treatment with 5 uM SPM for 24 h not only increased SPM levels in the SRS lines, but
218  simultaneously decreased SPD levels (Figure 6a). With the exception of PUT, polyamine levels were
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219  effectively restored to those similar to WT SMS cells, indicating that the polyamine transport system
220  was active and the SRS lymphoblast lines could self-regulate their polyamine pools in the presence
221  of exogenous SPM. The SPD/SPM ratios of the SRS lines decreased from their baseline values (3.07,
222 7.35,and 9.31) to 1.11, 1.35, and 1.4, respectively (Figure 6b). SSAT activity following treatment with
223 SPM was unchanged (Figure 6c), and HPLC analyses revealed a lack of N'-acetylated polyamines in
224 both intracellular lysates and medium samples, indicating that the SPD reduction in SRS cells is
225  independent of SSAT induction.

226 To more accurately quantify the ability of the SRS lines to uptake polyamines, cells were
227  incubated with the polyamine analogue BENSpm, followed by HPLC analysis (Figure 6d). Overall,
228  the WT and SRS lines were equally capable of accumulating BENSpm over 24 hours. Line SRS1
229  accumulated the least BENSpm, but this was not significantly less than the WT line 1. Like
230  biosynthesis, polyamine transport is negatively regulated by antizyme expression [21]; thus, the
231  decreased uptake of BENSpm in SRS1 cells is likely associated with its increased antizyme level.
232 Regardless of this decrease, the amount of SPM transported into each of the SRS cell lines was
233 sufficient to reduce their intracellular SPD levels to within the range observed in the wild type cells.
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235 Figure 6. (a) Average polyamine levels of SRS lymphoblast lines before (middle) and after (bottom) 5
236 UM SPM treatment for 24 h, compared with untreated WT lymphoblast lines (top). (b) SPD/SPM
237 ratios and (c) SSAT activity before and after SPM supplementation. (d) Intracellular accumulation of
238 BENSpm following 10 pM treatment for 24 h. Color designations in b-d are orange for SRS1, blue for
239 SRS2, and green for SRS3. All error bars indicate SEM (n > 2, in triplicate).
240  3.6. N3-Acetylation of Spermidine
241 Spermidine localized in the nucleus can undergo acetylation of its N8 position, which allows

242 relocation of the spermidine moiety into the cytoplasm via charge neutralization. Né-acetylated
243 spermidine was recently reported as a potential biomarker for SRS due to its elevated levels in the
244  plasma of 3 SRS patients [28]. While the acetyltransferase responsible for this acetylation has yet to
245  be definitively determined [29,30], it was recently found that deacetylation of Né-acetylspermidine to
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246  yield native spermidine is catalyzed by the cytoplasmic enzyme HDAC10 [31]. We therefore
247  determined if HDACI10 expression levels were altered in the SRS lymphoblasts in our study.
248  Although HDAC10 mRNA levels were significantly elevated in SRS line 2, it did not translate to an
249  increase in protein observed via Western blot, and there was no overall difference between the
250  wildtype and mutant SMS lines (Figure 7). Additionally, we failed to detect any Ns-acetylated
251  spermidine in either the cell lysates or excreted into the culture medium, suggesting that
252 lymphocytes were not the likely source of the plasma metabolite detected by Abela and colleagues

253 [28].
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255 Figure 7. HDAC10 mRNA (a) and protein (b) levels in wildtype versus SRS lymphoblasts. Color
256 designations are orange for SRS1, blue for SRS2, and green for SRS3. Error bars indicate SEM (n = 3).

257  3.7. Transglutaminase 2 Expression is Upregulated in SRS Patient Lymphoblasts

258 As low-molecular-weight amines, polyamines are natural acceptor substrates for the
259  transglutaminase (TG) family of enzymes [8], which catalyze the calcium-dependent cross-linking of
260  glutamine and lysine residues within or between proteins. TG activity also incorporates polyamines
261  into certain glutamine residues of cellular proteins via one or both of their primary amino groups,
262  thereby forming mono- or bis(y-glutamyl)-PUT, SPD, or SPM, and potentially interfering with
263  isopeptide bond cross-linking. To determine if the altered polyamine concentrations in the SRS
264  lymphoblasts correspond to changes in TG, we analyzed the expression of transglutaminase 2
265  (TGM2), a ubiquitously expressed tissue TG (Figure 8). TGM2 mRNA expression was significantly
266  increased in all 3 SRS cell lines when compared to the WT cell lines, and TGM2 protein followed a
267  similar trend, with the highest expression of both mRNA and protein in SRS line 2.
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269 Figure 8. Transglutaminase 2 mRNA (a) and protein (b) expression levels are increased in SRS cell
270 lines. Colors designate SRS line 1 (orange), SRS line 2 (blue), and SRS line 3 (green). All error bars
271 indicate SEM (n = 3).
272 4. Discussion
273 We have investigated the differences in polyamine metabolism and transport in

274  lymphoblastoid cell lines derived from 3 SRS patients and 2 wildtype donors. The SRS cell lines were
275  chosen based on their extent of spermine deficiency, which ranged from approximately 50 to 25% of
276  the WT lines. Both SPM and PUT levels were significantly decreased in the SRS lines relative to the
277 WT lines, while SPD concentration was increased. The SPD/SPM ratio averaged 1.14 in the WT lines,
278  while the SRS lines had elevated SPD/SPM ratios of approximately 3.76, 8.72, and 9.87, confirming
279  previous observations [10-13].
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280 The only significant change in gene expression between lymphoblasts derived from SRS
281  patients versus controls was in TGM2. Although there was some variation in the levels of other
282  genes investigated among the 3 SRS lines, the 2 WT cell lines also varied and there were no
283  statistically significant differences between the groups. Analyses of enzyme activities and protein
284  levels of polyamine-related genes did reveal changes between the SRS versus WT lymphoblasts. In
285  particular, ODC activity was significantly decreased in all 3 SRS lines, which correlated with the
286  decreased putrescine levels observed in these lines. Interestingly, an elevated level of ODC antizyme
287  (OAZ) was detected only in SRS line 1, which also displayed slightly decreased uptake of exogenous
288  polyamines, consistent with the known ability of OAZ to down-regulate the polyamine transport
289  system. Thus, the decrease in ODC activity in the SRS cell lines is likely due, at least in part, to
290  product inhibition of ODC by the high concentrations of SPD in the affected cells. The 3 SRS lines
291  also had significantly reduced PAOX activity (~50%) compared to the WT lines, consistent with a
292  lack of back-conversion to putrescine.

293 The ability of the SRS lymphoblasts to normalize their intracellular polyamine levels upon
294  treatment with exogenous spermine was impressive and highlights the potential of administering
295  spermine as a therapeutic strategy. As ODC antizyme is stimulated by excess polyamines to
296  negatively regulate polyamine biosynthesis and uptake, we anticipated that elevated antizyme in
297  response to the elevated spermidine concentrations in the SRS patients that would prevent uptake
298  via the polyamine transport system. This assumption was based on observations in the Gy mouse
299  model, in which Sms-deficient male mice fed a diet containing SPM still had no detectable levels of
300 SPM in brain, liver, or heart tissue [32]. However, studies using embryonic fibroblasts from these
301  mice did indicate that spermine could be acquired from the culture medium [33]. In our study,
302  although antizyme was induced in SRS line 1, its effect on polyamine transport was not sufficient to
303  limit the maintenance of homeostasis in response to excess spermine. Although cell types more
304  relevant to the SRS phenotype might differ in this regard, when considering systemic delivery of a
305  therapeutic agent, the avoidance of off-target effects is also necessary. As the accumulation of excess
306  polyamines is associated with certain pathologies, including cancer [4], the fact that these cells
307  re-establish polyamine homeostasis rather than accumulating additional polyamines following SPM
308  administration may have important consequences over the long term.

309 The finding that the lymphoblast cell lines derived from SRS patients exhibit levels of TGM2
310  that exceed those of normal donors may have significant clinical implications if conserved or
311  exaggerated in cell types that contribute more to the SRS phenotype. Stimulation of peripheral blood
312 lymphocytes with mitogen to induce blastogenesis induces the influx of Ca2+, which increases TGM
313 activity as well as polyamine concentrations. However, even with mitogen stimulation, only a small
314 number of lymphoblast proteins appear to be conjugated with polyamines, mostly with spermidine
315  [8], and attempts to identify polyamines released from hydrolysates of acid-insoluble protein of our
316  lymphoblast lines have been unsuccessful. Furthermore, while few spermine conjugates were
317  detected in mitogen-stimulated lymphocytes, in other systems, such as seminal secretions, spermine
318  becomes highly conjugated, and both spermine and spermidine are capable of cross-linking proteins
319  via the incorporation of both primary amines [8]. As high affinity substrates for TG reactions,
320  polyamines in excess, such as SPD in SRS patients, may serve as competitive substrate inhibitors of
321  the cross-linking transamidation reactions, or they may themselves become incorporated into the
322 crosslink when bound through both primary amines. Importantly, transglutaminases play roles in
323 several processes associated with the characteristic phenotype of SRS males, including osteoblast,
324  neuronal, and myoblast differentiation [34].

325 SRS studies using patient-derived material are limited by small patient number and acquisition
326  of suitable cell lines for study. Lymphoblasts were chosen for this initial characterization, as they are
327  most easily obtained from the patient and had been previously established. However, they do not
328  correspond to a tissue that displays an obvious phenotype in SRS. These studies do, however, form a
329  basis and provide knowledge for leading biochemical changes to study in affected tissues as well as
330  for development of therapeutic strategies, particularly those aimed at replenishing intracellular
331  spermine.
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332 Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: mRNA
333 expression levels of polyamine metabolic genes that do not significantly differ between wildtype and SMS
334 mutant lymphoblasts.
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