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ABSTRACT

Brain development requires appropriate regulation of serotonin (5-HT) signaling from distinct
tissue sources across embryogenesis. At the maternal-fetal interface, the placenta is thought to be
an important contributor of offspring brain 5-HT and is critical to overall fetal health. Yet, how
placental 5-HT is acquired, and the mechanisms through which 5-HT influences placental
functions, are not well understood. Recently, our group identified a novel epigenetic role for 5-
HT, in which 5-HT can be added to histone proteins to regulate transcription, a process called H3
serotonylation. Here, we show that H3 serotonylation undergoes dynamic regulation during
placental development, corresponding to gene expression changes that are known to influence key
metabolic processes. Using transgenic mice, we demonstrate that placental H3 serotonylation
largely depends on 5-HT uptake by the serotonin transporter (SERT/SLC6A4). SERT deletion
robustly reduces enrichment of H3 serotonylation across the placental genome, and disrupts
neurodevelopmental gene networks in early embryonic brain tissues. Thus, these findings suggest
a novel role for H3 serotonylation in coordinating placental transcription at the intersection of

maternal physiology and offspring brain development.
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INTRODUCTION

Serotonin (5-hydroxytryptamine, 5-HT) is an essential biogenic monoamine with multipurpose
functions, including regulation of fetal brain circuitry that, if disrupted, provides the foundation
for behavioral dysfunction later in life!>. The developing brain requires 5-HT from early
embryonic stages, yet an endogenous brain-wide 5-HT source does not emerge until late in
gestation®*, indicating that transport of extraembryonic 5-HT to the conceptus is central to this
process. Indeed, previous studies have demonstrated that the placenta, a transient endocrine and
metabolic tissue at the maternal-fetal interface, delivers the majority of 5-HT into fetal circulation
prior to formation of dorsal raphe nucleus projections throughout the brain’. Placental 5-HT may
arise from different pathways, with studies describing conversion from the precursor L-tryptophan
via trophoblast expression of the enzyme tryptophan hydroxylase 1 (TPH1)°®, transporter-mediated
uptake from maternal circulation via the serotonin transporter (SERT/ SLC6A4) on the placental
apical membrane’-8, and/or regulation by the organic cation transporter 3 (OCT3/SLC22A3) at the
fetoplacental endothelium®!'!. Importantly, placental health is critical for fetal health, as indicated
by numerous studies showing negative consequences on the fetal brain following placental
responses to prenatal/preconception stress, inflammation, and immune activation'>-2,
Accordingly, 5-HT dysregulation also impacts vasoconstrictive properties of placental blood

vessels?!22

, as well as proliferation and viability of trophoblast cells**. Thus, neurodevelopment
can be influenced by dysregulation of multiple 5-HT-dependent processes in placental tissues,
including — but not limited to — monoamine transport. However, the mechanisms through which

these 5S-HT-dependent functions are regulated, as well as the modes by which placental 5-HT is

acquired, are still not well understood.
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80
81  Recently, a receptor-independent role for select monoamines, including 5-HT and dopamine,

82 termed “monoaminylation,” has been described?*?’. Monoaminylation involves the covalent
83  attachment of free monoamine donors to glutamine-containing protein substrates by the enzyme
84  tissue transglutaminase 2 (TGM2)**?°. In particular, monoaminylation using 5-HT as a donor
85  (“serotonylation”) has been demonstrated for proteins in diverse cell types, whereby this serotonyl
86  post-translational modification (PTM) can alter the signaling properties of bound cytosolic
87  substrates’* 32, In the nucleus, our group has recently demonstrated that serotonylation occurs on
88  glutamine 5 of histone H3 (H3Q5ser)**. At this site, H3 serotonylation epigenetically regulates
89 transcription either alone or in combination with the neighboring lysine 4 tri-methylation (K4me3)
90 PTM to enhance permissive gene expression through interactions with reader proteins®. The
91 combinatorial H3K4me3Q5ser PTM has been detected in regions throughout the adult brain,
92  where it coordinates relevant gene expression programs upstream of neural differentiation and
93 contributes to sensory processing and stress-induced behavioral plasticity in adult brain,
94  demonstrating diverse roles for this PTM across various functional domains®**3>, Moreover, the
95 presence of histone serotonylation in heart, testes and other mouse organs suggest additional
96 actions in peripheral tissues?*. In a recent study examining human placental explants, nuclear 5-
97  HT detected in both syncytiotrophoblasts and cytotrophoblast cells was found to be altered by
98 inhibition of both SERT and monoamine oxidase!!, suggesting that histone serotonylation may
99 alsobe dynamically regulated in placental tissues to affect downstream processes, although follow-
100  up studies providing evidence for this phenomenon have not yet been conducted.

101
102  Here, we investigated whether histone serotonylation may serve as an epigenetic mechanism for

103  regulating placental gene expression programs capable of ultimately influencing offspring
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104  neurodevelopment. We found that expression of H3 serotonylation across both male and female
105 placental development was bidirectionally regulated, with increased PTM enrichment at genomic
106  loci related to important metabolic pathways and decreased patterns reflecting attenuation of
107  cellular proliferation and tissue organization over development. Moreover, we demonstrate that
108  placental 5-HT and H3 serotonylation are reliant on intact 5-HT machinery, where levels of both
109 are reduced in tissues in which the transporters SERT, OCT3, or the enzyme TPH1 were deleted.
110 In these tissues, we further found that SERT deletion most robustly disrupts normal H3
111  serotonylation patterning across the genome, with decreased enrichment at numerous loci relevant
112  to essential placental processes. Lastly, we observed significant transcriptional abnormalities in
113  neurodevelopmental gene networks downstream of placental changes, which appeared
114  independent of overall 5-HT levels in brain. These findings thus establish histone serotonylation
115 as a previously undescribed epigenetic mechanism that contributes importantly to developmental
116  gene expression programs in placenta; phenomena that, in turn, impact key neurodevelopmental
117  transcriptional networks in the offspring brain.

118
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119 RESULTS

120  Roles for histone serotonylation in regulating gene expression programs associated with key
121  placental functions

122

123 To begin investigating potential roles for 5-HT in placenta that could ultimately impact offspring
124  brain development, we examined developmental 5-HT patterns occurring at E9.5 and E17.5, time
125  points in which brain 5-HT predominantly originates from the placenta vs. dorsal raphe nucleus
126  (DRN, the primary hub of 5-HTergic projection neurons in brain), respectively (Fig. 1A, adapted
127  from Suri et al.*%). We found that 5-HT levels in placenta decreased from E9.5 to E17.5 (Fig. 1B),
128  consistent with expected 5-HT contributions from the placenta. Given our recent studies
129  demonstrating covalent binding of 5-HT to nuclear histone proteins, we next used western blotting
130  to assess global levels of the combinatorial serotonyl-PTM in male and female tissues at the same
131  gestational time points. To more precisely detect fluctuations in placental 5S-HT-related processes,
132 we examined two additional time points (E12.5 and E14.5) that precede the complete formation of
133  DRN projections throughout the embryonic brain®*. We found that H3K4me3Q5ser levels
134  decrease in placenta across gestation, with E12.5 appearing to signify the transition point after
135  which time reductions in the mark begin to occur, with no significant effects of sex observed (Fig.
136  1C, Supplementary Fig. 1). Interestingly, the observed dynamics of histone serotonylation were
137  also found to correspond to the extent of 5-HT supply from placenta to brain (Fig. 1A), suggesting
138 that higher levels of histone serotonylation may regulate crucial placental biology at this mid-

139  gestational window.

140
141  As such, we next examined whether H3K4me3Q5ser is enriched at genomic loci relevant to

142  placental functions across development. We performed chromatin immunoprecipitation followed

143 by sequencing (ChIP-seq) in male and female placental tissues at E9.5, E12.5, and E17.5.
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144  Following peak calling in all groups, we found that the majority (~68.1%) of H3K4me3QS5ser
145  peaks were annotated to promoter regions, with less than a fifth of peaks each also detected in
146  genebody and distal intergenic regions (~16.9% and ~14.9%, respectively; Fig. 1D), which is
147  consistent with our previous findings in human neurons and rodent brain?*%. To identify
148  differential enrichment sites that may regulate developmental processes, we used Diffbind to
149  compare the earliest and latest gestational time points in our dataset’’. In both male and female
150 placental tissues, we identified ~8,000 differentially enriched peaks, with the majority of these
151 peaks for both sexes displaying significantly decreased enrichment from E9.5 to E17.5,
152 corresponding to global western blotting patterns for the mark (Fig. 1E, Supplementary Tables
153  1-2). As the placenta is largely comprised of cells from the trophoblast lineage, which reflect fetal
154  chromosomal sex?®, we also examined potential sex differences in histone serotonylation. Within
155  each developmental stage, we identified several hundred peaks altered between sexes, with E9.5
156  having the least (Fig. 1E, Supplementary Tables 3-5). Notably, at E12.5 and E17.5, the top 500
157  peaks showed similar sex differential patterns at the two later gestational ages, but not at E9.5,
158  suggesting that placental sex differences in H3K4me3Q5ser enrichment are established by E12.5
159  and likely persist until parturition (Supplementary Fig. 2A-C). Annotation of these altered peaks
160 identified sex differential sites throughout the chromosomal complement, with ~5% located on the
161 X and Y chromosomes (Supplementary Fig. 2D-E).

162
163  Given the aforementioned patterns, we next evaluated whether developmental changes in placental

164  histone serotonylation were also impacted by sex. Hierarchical clustering of the top 1,000 peaks
165  found to be altered between E9.5 and E17.5 revealed two sets of histone serotonylation changes
166  (up vs. down), with both developmental increases and reductions from E9.5 to E17.5 displaying

167 intermediate enrichment at E12.5, that were similarly expressed in males and females within each
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168 time point (Supplementary Fig. 3A-B). Visualization of all 8,274 differential histone
169  serotonylation peaks between E9.5 vs. E17.5 males showed similar enrichment patterns in female
170  placental tissues (Fig. 1F-G, Supplementary Fig. 3C). Comparing the degree of overlap between
171  differential developmental sites following peak annotation, we observed an ~81% overlap of
172  enriched loci between males and females, altogether suggesting that these developmental changes
173  are largely conserved between sexes in placenta (Fig. 1H). We next performed bulk RNA-
174  sequencing to explore the relationship between histone serotonylation changes and gene
175  expression in placenta. In doing so, we identified positive and significant correlations between
176  differential gene expression and changes in serotonylation enrichment across development (Fig.
177 11, Supplementary Tables 6-8). We observed greater transcription of gene loci with increasing
178  H3K4me3QS5ser enrichment, as exemplified by the Hoxal3 locus, a transcription factor critical for
179  labyrinth vessel formation crucial for gas and nutrient exchange at the maternal-fetal interface®
180  (Fig. 1J, Supplementary Fig. 3D). Similarly, decreasing H3K4me3Q5ser enrichment was found
181  to correspond to reduced gene expression, as exemplified by the Cxcl/ locus, a chemokine ligand
182  participant in the unique immune milieu surrounding the allogenic fetal microenvironment*®4!
183  (Fig. 1J, Supplementary Fig. 3E). Altogether, these data indicate that H3K4me3Q5ser likely
184  facilitates permissive transcription in placenta, similar to that of our previous findings in neural
185  cells?*. Functional annotation analyses (Reactome, GO Biological Process) of those loci
186  overlapping at sites of H3K4me3Q5ser enrichment and gene expression changes (i.e., from Fig.
187  1I) further uncovered relevant gene sets to placental biology, including upregulation of vasculature
188  development, nutrient and hormone transport processes over developmental age, and reductions in
189  proliferative, differentiation, and immune processes near gestational term (Fig. 1J,

190  Supplementary Tables 9-10)*2.
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191
192 Placental serotonin levels are mediated by transporter-dependent pathways

193  Given suggestive roles of histone serotonylation in regulating the placental transcriptome, we next
194  aimed to understand the source of its intracellular 5-HT donor pool. Prior studies have suggested
195  several potential modes: 1) transporter-dependent mechanisms, via the high-affinity, low-capacity
196  5-HT uptake transporter encoded by the Slc6a4 gene, SERT and/or the extra-neuronal organic
197  cation transporter OCT3 (encoded by the Sic22a3 gene), which is capable of bidirectional
198  facultative monoamine diffusion****; or 2) intrinsic synthesis from tryptophan via trophoblast
199  expression of TPHI1 (Fig. 2A). To assess the possibility of active 5-HT acquisition, which may
200  serve as the donor source for the serotonyl-PTM, we chose to evaluate placental tissues at E12.5
201  given that H3K4me3Q5ser levels are dynamically changing between E9.5 and E17.5 to regulate
202  placental transcriptional processes, and given the formation of a fully differentiated placenta at
203  this stage®. First, to test whether placental 5-HT is transporter-mediated, we took a bioorthogonal
204  metabolic-labelling approach, using propargylated (i.e., alkynylated) serotonin (5-PT) that allows
205  for the immunoprecipitation of 5-PT labelled protein substrates following tissue delivery. Given
206  prior work demonstrating that placental 5-HT depends on SERT function”!!, we hypothesized that
207  5-PT would similarly be taken up from maternal circulation via SERT. Thus, pregnant mice were
208 injected with 100 nM or 1 uM 5-PT, based upon a reported range of 5-HT levels between basal
209  levels vs. those at sites of thrombosis*, and conceptuses were removed 1 hour post-injection for
210  assessments of 5-PT uptake (Supplementary Fig. 4A). We observed dose-dependent signals of 5-
211  PT-labelled H3 protein in placental extracts (Supplementary Fig. 4B), supporting the hypothesis
212 that histone serotonylation depends on transporter-mediated uptake of 5-HT. Subsequently, we
213 verified placental gene expression of Slc6a4 at E12.5 (Fig. 2B), also observing expression of

214 Slc22a3 (Fig. 2C), but not Tphl (Fig. 2D), further substantiating our prediction that placental 5-
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215  HT is obtained via transporters and is not endogenously synthesized. Notably, while TPH1 is not
216  involved in placental 5-HT generation, global TPH1 knockout (KO) results in an ~80% reduction
217  in circulating 5-HT, which might therefore reduce the availability of 5-HT that could be taken up
4748

218  from circulation

219
220  To next establish the necessity of transporters for placental 5-HT uptake and histone serotonylation

221  deposition, we utilized transgenic mouse lines with targeted genetic deletions of Slc6a4, Slc22a3
222 or Tphl. We identified robust 5-HT reductions in placental tissues from all transgenic lines
223  examined, with the greatest loss in 5-HT signal observed in Sert KO tissues (~90%), followed by
224  around 70% reduction of placental 5-HT levels in Tphl KO, and around 50% reduction in Oct3
225 KO (Fig. 2E). Thus, we next tested for corresponding reductions in global histone serotonylation
226  levels. Indeed, western blotting revealed overall decreases in H3K4me3Q5ser signal in all three
227 KO lines, which was further confirmed following competition assays with an H3i.10 peptide
228  containing the K4me3 PTM (Fig. 2F, Supplementary Fig. 5). In sum, these data demonstrate
229  placental H3 serotonylation’s reliance on 5-HT levels and the integrity of pathways regulating 5-
230  HT entry into this tissue.

231

232 SERT deletion downregulates histone serotonylation and disrupts developmental processes in
233 placenta

234

235  Given histone serotonylation’s dependency on 5-HT transporter function, we next investigated
236  whether knockout of these proteins might alter H3K4me3Q5ser enrichment at key genomic loci
237 known to regulate placental development. Differential peak analysis following ChIP-seq
238  demonstrated that the majority of H3K4me3QS5ser enrichment alterations observed in Sert KO,

239  Tphl KO, and Oct3 KO placental tissues were decreased compared to age-matched WT controls

240 (Fig. 3A, Supplementary Tables 11-13). To ensure the specificity of H3K4me3Q5ser changes,

10
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241  we additionally performed ChIP-seq for the H3K4me3 mark alone (note that the antibody for
242  H3K4me3 may recognize H3K4me3 both in the presence or absence of H3QS5ser?*), which
243 produced a distinct pattern of peak enrichment changes (Fig. 3A, Supplementary Tables 14-16),
244  supporting the notion that histone serotonylation is dependent on tissue 5-HT changes rather than
245  changes in H3K4me3 itself. Consistent with its robust 5-HT reductions, Sert KO similarly had the
246  greatest impact on histone serotonylation peak reductions compared to deletion of OCT3 or TPH1
247  (Fig. 3B, Supplementary Fig. 6). We next evaluated the extent of overlap between
248  developmentally relevant H3K4me3Q5ser loci that exhibit increased or decreased enrichment over
249  embryonic age (from Fig. 1) with transgenic-mediated reductions in H3K4me3Q5ser or H3K4me3
250  enrichment. In all KO tissues, H3K4me3Q35ser-enriched loci had significantly greater overlap
251  compared to H3K4me3 alone, with the highest degree of overlap observed for peaks altered by
252 Sert KO (Fig. 3C). Therefore, we next examined those histone serotonylation peaks enriched at
253  genomic loci at the intersection of Sert KO reductions and developmental changes occuring from
254  E9.5 to E17.5. As expected, Sert KO downregulated H3K4me3QS5ser enrichment at these
255  developmentally relevant loci compared to WT, Tphl KO, and Oct3 KO placental tissues (Fig.
256 3D-E), as exemplified by the Hoxal3 and CxclI loci (Fig. 3F). Functional annotation analyses of
257  overlapping H3K4me3Q5ser-enriched loci between these multiple datasets demonstrated that
258 SERT and TPH1 (but not OCT3) deletion disrupted important pathways for placental
259  development, including changes in vasculature development, apoptosis, cell differentiation, and
260 immune system processes (Fig. 3G, Supplementary Tables 17-19). In sum, our genomic data
261 indicate that key moderators of the placental 5-HT donor pool lie upstream of histone

262  serotonylation regulation. In particular, we provide evidence that SERT deletion disrupts

11
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263  H3K4me3QS5ser regulation of placental biology that might subsequently impact offspring brain
264  development.

265

266  Placental 5-HT and histone serotonylation reductions are associated with changes in
267  neurodevelopmental gene expression programs

ggg Given that the placenta is the major 5-HT source from early-to-mid gestation, we next sought to
270  understand how brain 5-HT levels might be impacted by these placental changes (Fig. 4A).
271  Importantly, the tissues used were obtained from conventional KO mice; thus we first interrogated
272 whether transgenic-mediated changes alone might impact brain 5-HT. Transcriptomic analysis of
273 embryonic brain tissues showed low levels of Slc6a4, Slc22a3 and Tphl at E12.5 in WT mice (Fig.
274  4B), suggesting that SERT and OCT3 are not the major modes of 5-HT entry into the embryonic
275  brain. We also examined gene expression for the neuronal isoform of tryptophan hydroxylase,
276  TPH2 (Tph2), organic cation transporter OCT2 (Slc22a?2), and the plasma membrane monoamine
277  transporter PMAT (Slc29a4) to uncover other potential routes through which 5-HT in brain may
278  be incorporated (Fig. 4B). Our data suggest that the E12.5 brain does not express machinery for
279  5-HT synthesis at this time, indicating that brain 5-HT is likely extrinsically regulated and its
280 uptake may be mediated by the transporter PMAT, as suggested by its high levels of expression.
281  Given that we did not observe significant expression of brain Slc6a4, Slc22a3, or Tphl, which
282  might confound our assessments of placental 5-HT and histone serotonylation effects, we next
283  examined how these placental disruptions might influence brain 5-HT levels. Remarkably, we
284  observed no differences in 5-HT in any KO brain tissues compared to WT (Fig. 4C), similar to
285  other studies®*. We further examined whether there may be downstream differences in brain

286  H3K4me3QS5ser abundance, but we observed no differences in any KO comparisons vs. WT (Fig.

287 4D, Supplementary Figure 7). These findings suggest that placental disruptions in 5-HT uptake

12
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288 do not exert direct programming effects in offspring via reductions in 5-HT delivery to the
289  developing brain.

290
291 Given that SERT and TPHI1 deletion both resulted in reduced placental H3K4me3QS5ser

292  enrichment at loci involved in biosynthesis, transport, and vasculature development, we speculated
293 that histone serotonylation might alter other placental functions that could influence the embryonic
294  brain in a 5-HT-independent manner. Thus, to determine the overall impact of such changes on
295  neurodevelopment, we examined embryonic brain tissues using bulk RNA-sequencing at E12.5, a
296 time point that we already established is largely unaffected by transgenic manipulations within the
297  brain itself. We found that the brain transcriptome was robustly altered in Sert KO tissues, with
298  Oct3 KO and Tphl KO brains also displaying significant regulation (all relative to WT), though
299  to alesser extent (Fig. 4E-F, Supplementary Tables 20-23). To understand what processes may
300 be impacted in the developing brain, we performed functional annotation analyses (using GO
301 Biological Process and Reactome databases) on differentially expressed genes from all WT vs. KO
302 comparisons. Examining all significantly enriched pathways, we used Revigo to summarize
303  redundant GO terms>’, revealing numerous gene sets related to synaptic signaling, monoamine and
304 neurotransmitter regulation, and neuronal proliferation altered in Sert KO brains (Fig. 4G,
305 Supplementary Tables 24-25). There were also significant changes to pathways observed related
306 to collagen formation and apoptosis in Oct3 KO brains, and downregulation of cellular respiration
307 in Tphl KO brains, which may be indicative of insufficient ‘fuel’ being transported from placenta
308 to the conceptus (Fig. 4G, Supplementary Tables 26-28). In total, these data indicate that even
309 moderate changes to placental 5-HT and histone serotonylation levels appear sufficient to affect
310 important neurodevelopmental processes in the developing fetus.

311
312

13
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313  DISCUSSION

314

315  Here, we demonstrated that histone serotonylation likely influences embryonic brain development
316  via epigenetic regulation of the extra-embryonic placental transcriptome. We showed that H3
317  serotonylation is bidirectionally regulated across embryogenesis, corresponding with gene
318  expression changes and coordination of known placental pathways that are crucial to fetal growth.
319  We further established that SERT is the major mode of 5-HT transport from maternal peripheral
320 circulation to placenta, a process that when disrupted also perturbs normal developmental
321  serotonyl-PTM patterning. Moreover, we found that such disruptions in placental histone
322  serotonylation may have important downstream effects on the embryonic brain transcriptome,
323  supporting placental epigenetics as an exciting mechanism of neurodevelopmental programming
324  that may affect behavioral outcomes and/or disease risk later in life. While the current study
325  illustrates an exciting framework by which the placental 5-HT machinery intersects with chromatin
326  mechanisms to influence offspring outcomes, there are several limitations to the current study that
327  deserve attention. Most notably, given our use of tissues from conventional transgenic KO mice,
328 there may be other tissue contributions involved; however, as maternal stimuli are communicated
329 to the fetus via placental signaling, we propose that the offspring brain outcomes are directly
330 affected by the placental changes observed in this study. Indeed, prior work suggests that increased
331 necrosis in Sert KO and Tph1 KO placentas occurs via 5-HT receptor signaling, which is normally
332  terminated by SERT-mediated uptake?’. In the current study, both SERT and TPH1 deletion were
333  found to disrupt H3K4me3Q5ser enrichment at loci involved in cell apoptotic processes, and thus
334 may additionally regulate this phenotype via epigenetic changes. Therefore, further studies

335  selectively targeting histone serotonylation within the placenta will be needed to fully resolve
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336 whether such 5-HT-dependent chromatin mechanisms causally contribute to placental
337  dysregulation and/or act in parallel with disrupted receptor signaling.

338
339  Furthermore, given the essential role of developmental 5-HT on neuronal patterning, many studies

340 have focused on identifying the mechanism through which placental 5-HT is acquired and
341 transferred to the offspring brain. Debates regarding this source posit that placental 5-HT may
342  derive from a maternal origin via uptake from blood, or endogenous synthesis via metabolism of
343  the precursor L-tryptophan®°!2, Using genetic targeting of these potential 5-HT sources, our
344  findings support maternal serotonin supply as the major determinant of 5-HT and H3
345  serotonylation levels in placenta. Indeed, we demonstrated that 7phl expression is absent in

11,53.54 For this reason,

346  placenta, similar to other studies examining human and rodent tissues
347  reductions in placental H3K4me3Q5ser in Tphl KO tissues may be explained by lowered 5-HT
348  blood levels, due to disrupted 5-HT synthesis in enterochromaffin cells*®>. Therefore, overlapping
349  H3K4me3Q5ser enrichment reductions in Sert KO vs. Tphl KO tissues likely occur due to a
350 convergence of pathways dependent on 5-HT in maternal blood. In addition to reduced placental
351 uptake via SERT deletion, Sert KO animals have low peripheral 5-HT (due to a deficiency of
352 nplatelets in taking up 5-HT>®) as observed in Tphl KO, which result in decreased uptake into
353  trophoblast cells, altogether indicating that placental 5-HT is of maternal origin and is not
354  endogenously synthesized within the placenta. Indeed, genetic deletion of SERT eliminates the
355  majority of placental 5-HT at mid-gestation. Residual H3K4me3Q35ser signal in Sert KO tissues,
356 then, likely result from patterning at earlier time points when other modes of 5-HT acquisition may
357  be present (e.g., other transporters and/or transient embryonic synthesis**»#44%37) or technical

358 artifacts owing to the process of polyclonal antibody generation using H3K4me3QS5ser

359  immunogens. To control for this technical limitation, we additionally performed H3K4me3 ChIP-
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360 sequencing and observed that while there were indeed differential sites of overlap between
361 H3K4me3 and H3K4me3Q5ser, differential histone serotonylation could not be accounted for by
362 changes in H3K4me3 alone. Instead, we observed that reduced H3K4me3Q5ser patterns in KO
363  placentas closely corresponded with the extent of 5-HT decreases, suggesting that this PTM
364  depends on donor availability (consistent with our previous biochemical analyses®). It is also
365 worth noting that the overlapping reductions in signal observed between H3K4me3Q5ser and
366 H3K4me3 alone may occur due to previous observations that H3Q5ser inhibits H3K4 demethylase
367 activity, and thus loss of the serotonyl-PTM may additionally destabilize the presence of
368  H3K4me3 at certain loci®”.

369
370  The developing brain is highly sensitive to placental insults resulting from environmental

371  perturbations and imbalances of specific nutrients, hormones, and other chemical signals®®. Using
372 transgenic KO mice, we identified a specific time point in which there was minimal expression of
373  key 5-HT machinery within the brain, allowing us to examine non-cell autonomous effects
374  originating from deletion of SERT, TPH1 or OCT3 in the placenta and/or maternal tissues. Indeed,
375  we detected robust differential gene expression in the E12.5 Sert KO brain, supporting functional
376  responsivity to placental effects. As previously mentioned, we must cautiously interpret these
377  findings given the use of whole-body KO animals. Beginning at E10.5, SERT is detected in
378  embryonic cardiac and liver tissues®, and it is possible that disruptions to these systems may result
379 in excess 5-HT in fetal circulation that also contribute to brain changes. In this way, the effects
380 observed in Tphl KO brains, though more subtle, provide clearer proof-of-concept evidence that
381 placental 5-HT and histone serotonylation directly impact brain programming, due to restricted
382  non-neuronal Tphl expression that is not detected until E14.5%,

383
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384  With respect to how precisely placental histone serotonylation changes may mediate brain
385 reprogramming, we did not expect that 5-HT levels would be unaffected in the corresponding KO
386  brains given the robust 5-HT reductions observed in Sert KO and Tphl KO placentas, though it is

387 notable that other studies have made similar observations®*’.

There are several potential
388  explanations: it is possible that the placenta buffers against 5-HT deficiencies, such that the embryo
389  nonetheless attains the necessary amount, or there may be alternate 5-HT sources that compensate
390 for placental insufficiency*®. The answer to this question is beyond the scope of the current study,
391  but will be crucial to understanding the complex role of placental 5-HT signaling in developmental
392  brain programming. While we do not detect global histone serotonylation changes within the brain
393 itself, this is likely due to the specific time point examined. For example, SERT expression
394  increases across gestation and is transiently upregulated in the thalamus and hippocampus during
395 early postnatal development, where it is critically necessary for neuronal projection patterning®!-62,
396 Moreover, SERT inhibition during early postnatal windows, but not in adulthood, results in
397  behavioral deficits later in life®’. Indeed, we postulate that histone serotonylation governs
398 transcriptomic patterns during these select neurodevelopmental windows (as we have described
399  previously in culture systems using neuronal precursor cells and human induced pluripotent stem
400  cell-derived 5-HTergic neurons®*), which are the subject of future investigations, but that during
401  early-to-mid embryogenesis, downstream consequences of placental 5-HT disruptions are

402 mediated by non-serotonergic processes in the brain.

403
404  Together, our findings establish that placental H3K4me3Q5ser lies at the intersection of maternal

405  5-HT detection, regulation of tissue transcriptional networks, and offspring brain development,
406  though additional studies will be needed to fully delineate the specific involvement of this histone

407 PTM in modulating tissue-specific functions. Given that the endocrine placenta dynamically
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regulates H3K4me3Q5ser in response to both SERT disruptions and 5-HT changes in the maternal
milieu, outstanding questions regarding the effects of prenatal stress and antidepressant exposures
remain. Notably, several studies examining the effects of maternal perturbations observed
dysregulation of placental 5-HT!>:¢4-%; therefore, understanding how these triggers may enact
negative long-term outcomes on fetal development via placental histone serotonylation changes,
how fetal sex impacts these outcomes, and how antidepressant usage may reverse such
dysregulated processes, are needed. Moreover, while we show that H3 serotonylation is a dynamic
mechanism of developmental regulation within the placenta, a comprehensive catalogue of
monoaminylated proteins (including serotonylation of both nuclear and cytoplasmic substrates)
and their downstream effects on offspring neurodevelopment may provide further insight into how

non-canonical monoamine mechanisms contribute to origins of neurodevelopmental disease risk.
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420 MATERIAL AND METHODS

421  Animals

422  Wild-type C57BL6/J mice were purchased from Jackson Laboratories at 8 weeks old, and
423  maintained on a 12-h/12-h light/dark cycle throughout the entirety of the experiment. Mice were
424  provided with ad libitum access to water and food throughout the entirety of the experiment. All
425 animal procedures were done in accordance with NIH guidelines and with approval with the
426 Institutional Animal Care and Use Committee of the Icahn School of Medicine at Mount Sinai.
427  For transgenic tissue studies, wild-type (WT), TPH1-deficient (Tph1-KO)®’, SERT-deficient
428  (Sert-KO)® (Jackson Laboratories, stock #008355) and OCT3-deficient (Oct3-KO)® (provided by
429  Dr. Ciarimboli), all on C57Bl6/N genetic background, were bred at the MDC animal facility
430  (Berlin, Germany) in individually ventilated cages (Tecniplast, Italy) under specific pathogen-free,
431  standardized conditions in accordance with the German Animal Protection Law. Mice were group-
432 housed at a constant temperature of 21 + 2°C with a humidity of 65 + 5%, an artificial 12 hours
433  light/dark cycle, and with free access to water ad /libitum. All experimental procedures were
434  performed according to the national and institutional guidelines and have been approved by
435  responsible governmental authorities (Landesamt fiir Gesundheit und Soziales (LaGeSo), Berlin,
436  Germany).

437
438  Timed Breedings

439  Adult virgin female mice were bred in-house with age-matched males. Copulation plugs were
440  checked every morning within 1 hour after lights on, where confirmation of a plug was designated

441  as E0.5 and signaled the immediate removal of the female to her own cage with a nestlet.

442
443  Tissue Collection and Sex Determination

19


https://doi.org/10.1101/2023.11.14.567020
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.14.567020; this version posted November 14, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

444  Timed pregnant dams were deeply anesthetized with isoflurane at designated embryonic time
445  points, and conceptuses were isolated from the uterine wall, as previously described®. Placental
446  tissues were hemisected in the transverse plane with removal of decidua cells”, flash frozen on
447  dry ice, and stored at -80°C until further processing. Enriched fetal brain tissues were separated
448  from the head by a single cut above the eye, perpendicular to the anterior-posterior axis. All tissues
449  were flash frozen on dry ice and stored at -80°C until further analyses. Embryonic tails for WT
450  developmental studies were retained for sex determination by Jaridl genotyping, as previously
451  described’!. For KO studies, both male and female tissues were used per genotype after
452  determining there were no sex differences in Slc6a4, Slc22a3, and Tphl gene expression (Fig. 2B)
453  and due to limited sample n per group.

454
455  5-PT Injection and Detection

456  5-PT was diluted in 1x PBS to 100 nM or 1 uM, representing endogenous levels of 5-HT at basal
457  orinflammatory conditions*. Pregnant mice (E12.5) were injected via tail vein with 5-PT mixtures
458  or vehicle. 1 hour post-injection, conceptuses were removed and placental tissues were collected
459  for further processing. Magnetic streptavidin beads (Thermo Fisher 11205D) were incubated with
460 10 mM biotin azide (probe condition; Click Chemistry Tools 1265) or 10 mM desthio-biotin (no
461 probe condition; Sigma D1411) on a rotator for 1 hour at 4°C. For copper-click chemistry,
462  placental whole cell lysates containing proteins labelled with the alkyne-functionalized 5-PT were
463  incubated with conjugated beads, 800 uM CuSOQg4, and 400 uM sodium ascorbate added in that
464  order on a rotator for 1 hour at 4°C in a total volume of 500 pul in 1x PBS. Reactions were stopped
465 by adding EDTA to a final concentration of 20 mM. All samples were washed on a magnetic stand

466  using 0.1M glycine and High Salt Buffer (500mM KCI, 20 mM HEPES, 10 mM MgCls, 1% NP-
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467  40). After the last wash, sample buffer was added to beads and boiled at 95°C for 10 min, followed
468 Dby gel electrophoresis and incubation with appropriate primary and secondary antibodies.

469
470 Serotonin ELISA

471  Placental or fetal brain tissues were homogenized in cold PBS with 1x protease inhibitor cocktail
472 (Roche). 60 ug of lysate per sample was quantitated using the BCA Protein Assay Kit (Pierce) and
473  mixed 1:1 with assay buffer for measurement. Tissue 5-HT levels were assessed using the
474  Serotonin ELISA Kit according to manufacturer’s instruction (Abcam ab133053).

475
476  Western Blotting and Antibodies

477  Placental or fetal brain tissues were homogenized and sonicated in cold RIPA buffer (50 mM Tris-
478  HCI, 150 mM NaCl, 0.1% SDS, 1% NP-40) supplemented with 1x protease inhibitor cocktail
479  (Roche). 30 ug of protein per sample was quantitated using the BCA Protein Assay Kit (Pierce)
480 and loaded onto 4-12% NuPage BisTris gels for electrophoresis. Fast transfers were performed
481  using the Trans-Blot Turbo Transfer System (Bio-Rad) for 7 minutes onto nitrocellulose
482 membranes, and blocked in 5% milk or bovine serum albumin (BSA) diluted in 0.1% PBS-T.
483  Membranes were incubated overnight with primary antibodies at 4°C on an orbital shaker. The
484  following day, blots were washed 3x with PBS-T at room temperature, incubated for 1 hour with
485  secondary antibody, and washed again with PBS-T 3x. Bands were detected using either enhanced
486  chemiluminescence (ECL; Millipore) or fluorescence with the ChemiDoc Imaging System (Bio-
487  Rad). Densitometry was used to quantify protein bands via Image J Software and proteins were
488  normalized to total Gapdh. For developmental H3K4me3Q5ser western blots, one sample (run 2x)
489 was removed due to lack of signal, as indicated in Supplementary Figure 1. For peptide

490 competition assays, antibodies were pre-incubated with indicated peptides at 1:3 concentration of
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491  peptide to antibody for 1 hour at room temperature. Following pre-incubation, membranes were
492  incubated with the designated antibody/peptide mixture overnight at 4°C on an orbital shaker. The

493  following combinations of antibodies/buffers were used.

494
Primary Antibody Secondary Antibody Block Figure
1:1000 H3K4me3QS5ser 1:10,000 anti-rabbit (Cytiva | 5% milk | 1C, Supp Fig 1
(MilliporeSigma ABE2580) NA934V)
1:1000 H3K4me3QS5ser 1:10,000 anti-rabbit (Thermo | 5% BSA | 2F, 4D, Supp
(MilliporeSigma ABE2580) | Fisher A-11010 or A-21235) Fig 5,7
1:10,000 GAPDH (Abcam 1:10,000 anti-rabbit (Cytiva | 5% milk | 1C, Supp Fig 1
ab9485) NA934V)
1:10,000 GAPDH (Santa 1:10,000 anti-Mouse (Thermo | 5% BSA | 2F, 4D, Supp
Cruz sc-32233) Fisher A-21202 or A-11030) Fig 5,7
1:10,000 H3 (Abcam ab1791) | 1:10,000 anti-rabbit (Thermo | 5% BSA Supp Fig 4
Fisher A-21235)
495

496  Chromatin Immunoprecipitation, ChIP-seq and Analysis

497  Chromatin from hemisected placental tissues were fixed with 1% formaldehyde rotated for 12
498 minutes at room temperature and was subsequently quenched using a final concentration of
499  125mM glycine. Samples were thoroughly homogenized and washed with ice cold PBS. Fixed
500 chromatin was sonicated using a Covaris E220 for 30-60 minutes at 4°C with the following
501 conditions: peak incident power, 140; duty factor, 10%; Cycles/burst, 200; Water level, 0. Equal
502  amounts of chromatin per sample were rotated with select antibodies (2.5 pg antibody/sample of
503  either H3K4me3Q5ser (MilliporeSigma ABE2580) or H3K4me3 (Active Motif 39159)) bound to
504  M-280 Dynabeads at 4°C overnight. The next morning, samples were washed, eluted, and reverse-
505 crosslinked at 65°C. Samples underwent RNA and protein digestion, and DNA was purified using
506 QIAQuick MinElute Spin columns (Qiagen 28140). 1% inputs were removed prior to antibody
507 incubation and purified in parallel with corresponding immunoprecipitates. ChIP-seq libraries
508  were generated using the TruSeq ChIP Library Preparation Kit (Illumina IP-202-1012) according
509  to manufacturer’s protocol and sequenced on an Illumina HiSeq2500 or NovaSeq6000. Raw peaks
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510 were aligned to the mm10 mouse genome using the NGS Data Charmer pipeline with default
511  settings (HISAT v.0.1.6b)7?. Peak calling was performed using macs2 (v.2.1.1) on individual files
512  with default settings and filtered for peaks with FDR < 0.0573. Differential peak analysis was
513  conducted via pairwise comparisons using the DiffBind package (v3.8.4)*". Differential peaks
514  were filtered first by log>(fold change) > 0.1 and defined by p < 0.05, where log(fold change) was
515 calculated as log2(E17.5 conc) - log2(E9.5 conc) for developmental comparisons; log2(female
516 conc) - log2(male conc) for sex differences; and log2(KO conc) - log2(WT conc) for transgenic
517  comparisons. These criteria were determined by visual confirmation of differential peaks after
518 inspection of more than 100 sites in the Integrative Genomics Viewer (Broad Institute, v2.11.1).
519  All peaks were annotated to the mm10 genome using the Homer package (v4.10)7*. Functional
520 annotation analysis of uniquely annotated loci was conducted using ShinyGO v0.77 with a
521  background of all protein-coding genes in the mm10 genome’, with significant pathways defined
522 by FDR < 0.05 and GO term redundancy reduction using Revigo v1.8.1°°. Visualization of
523  differential peaks were accomplished using internal functions of the DiffBind package or
524  deepTools v3.5.37°,

525
526  RNA Isolation, RNA-seq and Analysis

527  Total mRNA from hemisected placental tissues and embryonic brain tissues were extracted
528 following homogenization in Trizol Reagent (Thermo Fisher) with subsequent clean-up using
529  RNeasy Microcolumns (Qiagen) according to manufacturer’s recommendation. 200ng mRNA per
530 sample was used for RNA-seq library preparation using the TruSeq RNA Library Prep Kit v2
531  (Illumina RS-122-2001) according to manufacturer’s protocol. Quality control of all libraries were
532 conducted using a Qubit Fluorometer 2.0 (Thermo Fisher) and Bioanalyzer High Sensitivity DNA

533  Analysis (Agilent) prior to sequencing on either an [llumina HiSeq2500 or NovaSeq6000. Raw
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534  fastq files containing an average of 20-30 million reads were processed for pseudoalignment and
535 abundance quantification using Kallisto (v.0.46.1) against the EnsembIDB mus musculus (v79)7".
536  To account for unwanted technical variation between batches of animal orders, sample collection,
537 mRNA extraction, and library preparation that are each represented per sample batch, RUVs
538 (v1.32.0) was used with a negative control gene set of total genes identified per sequencing
539  experiment following confirmation that unwanted factors did not correlate with covariates of
540 interest (for all experiments, k=4 was used) as previously described’®”. Next, differential
541  expression analysis was performed using DESeq2 (v1.38.3) and significant genes were defined by
542  adjusted p < 0.05%°. Odds ratio overlap analysis was conducted using the GeneOverlap package
543  (v.1.36.0), with significance indicated by p < 0.05. Functional annotation analysis of differentially
544  expressed genes was performed using ShinyGO v0.77 with a background of all protein-coding
545  genes in the mm10 genome, with significant pathways defined by FDR < 0.05 and GO term
546  redundancy reduction using Revigo v1.8.1°%75. Importantly, increased Sic6a4 expression was
547  observed in RNA-seq data from Sert KO embryo brains, likely reflecting the aberrant introduction
548 of an internal promoter in the design of this transgenic line and/or increased expression of
549  transcripts that undergo nonsense-mediated decay, as indicated by loss of functional protein
550 (Supplementary Fig. 4). Thus, to ensure nonfunctional increases in Slc6a4 expression did not
551 misleadingly contribute to pathway enrichment data, Slc6a4 was removed from significant
552  differential gene expression lists in WT vs. Sert KO comparisons prior to pathway analysis.

553
554  Data and Materials Availability

555  The RNA-seq and ChIP-seq data generated in this study have been deposited in the National Center
556 for Biotechnology Information Gene Expression Omnibus (GEO) database under accession

557 number GSE246540. We declare that the data supporting findings for this study are available
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558  within the article and Supplementary Information. Related data are available from the

559  corresponding author upon reasonable request. No restrictions on data availability apply.

560
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563  Figure 1. H3 serotonylation is associated with developmental gene networks in male and
564  female placenta

565

566  (A) Schematic depicting brain 5-HT levels and tissue of origin, adapted from Suri et al.*® (B)
567  Placental 5-HT levels decrease from E9.5 to E17.5 (unpaired Student’s t-test, t(13) = 3.209, **p =
568  0.0068), with male and female placental samples clustering together, as noted by circle colors
569  (N=7-8 samples/age). (C) Western blot analysis of H3K4me3Q5ser in male and female placenta
570 tissues at E9.5, E12.5, E14.5 and E17.5 showed a main effect of embryonic age (two-way
571 < ANOVA, age F(3,47) = 6.622, p = 0.0008) with no significant effect of sex (F(1,47) = 3.586, p =
572 0.0644), where histone serotonylation decreased over development (Sidak’s post-hoc test, E9.5 vs
573  El4.5 (*adjusted p = 0.0102); E9.5 vs E17.5 (**adjusted p = 0.0056); E12.5 vs E14.5 (adjusted p
574  =0.057), E12.5 vs E17.5 (adjusted p = 0.0356), N = 6-8/group). (B, C): Data are normalized to
575  the male E9.5 values and shown as mean + SEM. (D) Averaged proportion of peaks using
576  annotations from all developmental male and female placentas showed about 68.1% of sites found
577  following H3K4me3QS5ser ChIP-sequencing were located in promoter regions (N = 4
578  samples/age/sex). (E) There was a ~tenfold greater number of significantly differential peaks
579  comparing E9.5 vs E17.5 in both males and females, compared to sex difference contrasts within
580 embryonic age (p < 0.05, logx(fold change) > 0.1). (F, G) Heatmaps (F) and profiles (G) of
581  differential peaks from E9.5 vs E17.5 comparisons, separated by directionality and centered on
582  genomic regions to show the majority of altered peaks decrease across placental development. (H)
583 Venn diagram depicting the degree of overlap between male and female E9.5 vs E17.5
584  comparisons using uniquely annotated peaks, indicating developmental changes are largely
585  conserved between sex. (I) Odds ratio analysis of differential H3K4me3Q35ser peaks (from 1E

586 above) and differentially expressed genes (adjusted p < 0.05; N = 4 samples/age/sex) from E9.5

587 vs E17.5 comparisons show significant association between altered histone serotonylation
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regulation and gene expression changes. Insert numbers indicate respective p values for each
association (NV.S., p > 0.05). (J) Representative genome browser tracks of Hoxal3 and Cxc/1 loci
for H3K4me3QS5ser (vs respective DNA input) in E9.5, E12.5 and E17.5 male and female
placentas (Hoxal3: **** p <(0.0001 relative to E9.5 within sex; Cxc/l: ***p < 0.001, **p < 0.01
relative to E9.5 within sex; *p < 0.05 denotes significant changes in E12.5 vs E17.5 males and
E9.5 vs E12.5 females) Each track represents merged signal for 4 samples. (K) Selected Reactome
and GO Biological Process pathways for differential peaks displaying significant associations with

gene expression between E9.5 vs E17.5 (from 11 above) for male placenta tissues (FDR < 0.05).
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598  Figure 2. Placental 5-HT is dependent on SERT-mediated uptake

599  (A) Schematic depicting potential modes of placental 5-HT acquisition examined in this study. (B,
600 C) Normalized counts indicating Sert (Slc6a4) and Oct3 (Slc22a3) are expressed in both male and
601 female placental tissues at E12.5, with no differences by sex (unpaired Student’s t-test; Slc6a4: p
602 =0.3677; Slc22a3: p = 0.5973). (D) The Tphl gene is not expressed in E12.5 placental tissues.
603  N=4 samples/sex. Data are median =+ interquartile range. (E) Assessment of 5-HT levels in E12.5
604  placental tissues shows significant reductions (one-way ANOVA, F(3,8) =4.001, p = 0.0004) in
605  Sert KO (Dunnett’s multiple comparisons test; ***adjusted p = 0.0003), Tphl KO (**adjusted p
606 = 0.0015), and Oct3 KO (*adjusted p = 0.04) tissues. N=3-5/group. (F) Western blot analysis of
607  placental tissues at E12.5, showing reduced H3K4me3Q5ser in Sert KO, Tphl KO and Oct3 KO

608 tissues (one-way ANOVA, F(3,10) = 15.37, *p = 0.05). Peptide competition assays using H31.1o
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609  peptides show selective signal of the serotonyl-PTM epitope is predominantly observed in WT

610 placenta. N = 3/group. Data are mean + SEM.

611
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613  Figure 3. SERT deletion alters placental H3 serotonylation patterning
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614  (A) Relative to WT, the greatest number of significantly decreased H3K4me3Q35ser peaks was
615 observed in Sert KO placentas, followed by Tphl KO and Oct3 KO (left; p < 0.05, log>(fold
616  change) > 0.1), where the overall pattern of differential sites diverged from those of H3K4me3
617 alone (right; N = 3 samples/group). (B) Scatter plots of differential H3K4me3Q5ser (left) and
618 H3K4me3 (right) peaks in Sert KO placentas relative to WT, showing the majority of affected
619  sites are downregulated. (C) Odds ratio analysis examining overlap of significantly reduced
620 H3K4me3QS5ser and H3K4me3 peaks (relative to WT, from 3A) with differential H3K4me3Q5ser
621  sites between E9.5 and E17.5 (from 1E), with bubble size representing number of overlapping loci,
622  indicating SERT deletion has greatest impact on developmentally-regulated sites. Insert numbers
623  denote respective p values for each association (NS, p > 0.05), (D, E) Heatmaps (D) and profiles
624 (E) of differential H3K4me3Q5ser loci between E9.5 and E17.5 that are significantly
625 downregulated in Sert KO placentas, separated by directional changes across development and
626  centered on genomic features. (F) Representative genome browser tracks of Hoxal3 and Cxcll
627  loci for H3K4me3Q5ser and H3K4me3 (vs respective DNA input) in WT, Sert KO, Tph1 KO and
628  Oct3 KO placentas (Hoxal3: *p < 0.05 relative to WT; Cxcll: **p < 0.01, *p < 0.05 relative to
629  WT for each histone modification). Each track represents merged signal for 3 samples. (G)
630  Selected Reactome and GO Biological Process pathways for differential loci (vs WT) overlapping
631  with developmentally regulated H3K4me3Q5ser sites (from 1H). Note: there were no significant
632  pathways enriched for overlapping differential peaks from WT vs Oct3 KO comparisons (FDR <
633  0.05).

634
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Figure 4
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636 Figure 4. Offspring neurodevelopmental gene expression changes are associated with
637  placental disruptions

638

639  (A) Schematics of study design for investigating E12.5 offspring brain changes. (B) Normalized
640  counts showing gene expression for Tphl, Slc6a4, and Slc22a3 are low compared to that for the
641  transporter PMAT (Slc29a4) in embryonic brain. (C) There is no change in 5-HT levels in E12.5
642  brains when comparing WT vs KO tissues (one-way ANOVA, F(3,14) =0.027, p = 0.9938). N=4-
643 5 samples/group. (D) There also are no differences in H3K4me3Q5ser in brain tissues (one-way
644  ANOVA, F(3,16) = 0.5861, p = 0.6328). N=5 samples/group. Data are mean + SEM. (E) Number
645  of differentially expressed genes from bulk RNA-sequencing comparing WT vs. Sert KO, WT vs.
646  Tphl KO, WT vs. Oct3 KO brain tissues at E12.5 (adjusted p < 0.05). (F) Hierarchical clustering
647  of all differentially expressed genes relative to WT (adjusted p < 0.05). Expression values are
648 averaged within genotype (N=5-6 samples/group). (G) Selected Reactome and GO Biological
649  Process pathways enriched from differentially expressed genes comparing WT vs KO brain tissues

650 atE12.5 (FDR < 0.05).

651
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652  Supplementary Figure Captions

Supplementary Figure 1
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654  Supplementary Figure 1. Western blots used for the quantification of the placental
655 H3K4me3QSser signal in Figure 1C

656  Red rectangles indicate the representative blots displayed in the main figure. One sample (run two
657  times) was excluded due to lack of H3K4me3Q5ser signal (indicated by X).

658
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Supplementary Figure 2
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Supplementary Figure 2. Sex differences in placental H3K4me3QSser

(A-C) Heatmaps of top 500 differential peaks from Diftbind analysis (p < 0.05) based on fold
change comparing male vs. female placental tissues within age at (A) E9.5, (B) E12.5, and (C)
E17.5 with hierarchical clustering (N=4 samples/sex/age). (D) Chromosomal location of all

significant (p < 0.05) sex different peaks per age, where ~95% of peaks occurred on autosomal
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chromosomes and 4-6% of peaks occurred on the X or Y chromosomes. (E) Representative
genome browser tracks of sex different H3K4me3Q5ser peaks (vs respective DNA input on the X
chromosome (Xist: p < 0.05 relative to male at E9.5 and E17.5, p < 0.0001 relative to male at
E12.5), Y chromosome (Kdm5d: p <0.0001 relative to male at E12.5), and on chromosome 7 (Psg-

psl: p <0.01 relative to male at E12.5). Each track represents merged signal for 4 samples.
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Supplementary Figure 3. Differential H3K4me3QSser enrichment in male and female
placenta

(A-B) Heatmaps of top 1000 differential peaks from Diffbind analysis (p < 0.05) based on fold
change comparing E9.5 vs E17.5 in male (A) and female (B) placental tissues with hierarchical
clustering, showing developmental changes are largely conserved across sexes (N=4
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samples/sex/age). (C) Profiles of differential peaks from E9.5 vs E17.5 comparisons, separated by
directionality and centered on genomic regions in females. (D) Hoxal3 gene expression increases
across development, corresponding with H3K4me3Q35ser increases (two-way ANOVA, effect of
age: F(2,18) = 1108, p <0.0001; Tukey’s post-hoc, E9.5 vs E12.5: **p =0.0016; E12.5 vs E17.5:
*HkEp < 0.0001). (E) Cxcll gene expression decreases from E12.5 to E17.5, similarly to
H3K4me3Q5ser decreases at the same time points (two-way ANOVA, effect of age: F(2,18) =
4.244, p = 0.0309; Tukey’s post-hoc; E12.5 vs E17.5: *p = 0.049). N = 4/sex/age. Data are median

+ interquartile range.
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Supplementary Figure 4. Detection of circulating propargylated 5-HT (5-PT) on placental
histone H3

(A) Schematics of experimental design and expected results. The alkyne-functionalized 5-HT
analogue, 5-PT, was injected into pregnant E12.5 mice at 100nM or 1uM (vs. vehicle).
Transporter-mediated mechanisms within the apical membrane of the placenta facing maternal
circulation would directly take up 5-PT into cells, increasing 5-PT addition to histone H3 as proxy
for how H3 serotonylation might be regulated. One hour post-injection, placental tissues were
collected and subjected to copper-click chemistry using biotin azide (vs. no probe). 5-PT-ylated

proteins were immunoprecipitated with streptavidin beads, followed by western blotting for H3.
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700 (B) Western blot showing H3 is enriched in 5-PT-treated samples in dose-dependent manner

701  (compared to vehicle) only in click reaction conditions.

702
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Supplementary Figure 5
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Supplementary Figure 5. Western blots used for the quantification in Figure 2F. Western

blots of placental tissues at E12.5, showing H3K4me3Q5ser in WT, Sert KO, Tphl KO and Oct3

KO tissues. Red rectangles indicate the representative blots displayed in the main figure.
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Supplementary Figure 6. Histone serotonylation reductions are most affected by deletion of
SERT

(A-B) Scatterplots of differential H3K4me3Q5ser and H3K4me3 peaks in (A) Tphl KO and (B)
Oct3 KO E12.5 placentas relative to WT (p < 0.05). (C) Profiles and (D) heatmaps of all
downregulated differential H3K4me3Q5ser loci comparing WT vs Sert KO placental tissues (p <
0.05), showing Sert KO has the greatest impact on histone serotonylation peak reductions

compared to Tphl KO and Oct3 KO, consistent with reductions in 5-HT levels.
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Supplementary Figure 7
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Supplementary Figure 7. Western blots used for the quantification of H3K4me3QSser in
E12.5 brain tissues of WT, Tphl KO, Sert KO, and Oct3 KO in Figure 4D. Red rectangles

indicate the representative blots displayed in the main figure.
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723 Supplementary Table Captions

724 Excel file including Supplementary Tables 1-28, which contain analyses of ChIP-seq and RNA-
725  seq from placental and brain tissues.

726

727  Supplementary Table 1: Developmental placenta H3K4me3Q5ser ChIP-seq, DiffBind results
728  (E9.5 male vs E17.5 male): Fig. 1E-J, Supplementary Fig. 3A

729

730  Supplementary Table 2: Developmental placenta H3K4me3Q5ser ChIP-seq, DiffBind results
731  (E9.5 female vs E17.5 female): Fig. 1E, H, I, Supplementary Fig. 3B-C

732

733  Supplementary Table 3: Developmental placenta H3K4me3Q5ser ChIP-seq, DiffBind results
734 (E9.5 male vs E9.5 female): Fig. 1E, Supplementary Fig. 2A

735

736  Supplementary Table 4: Developmental placenta H3K4me3Q5ser ChIP-seq, DiffBind results
737  (E12.5 male vs E12.5 female): Fig. 1E, Supplementary Fig. 2B

738

739  Supplementary Table 5: Developmental placenta H3K4me3Q5ser ChIP-seq, DiffBind results
740 (E17.5 male vs E17.5 female): Fig. 1E, Supplementary Fig. 2C

741

742  Supplementary Table 6: Developmental placenta bulk RNA-seq, normalized counts table

743

744  Supplementary Table 7: Developmental placenta bulk RNA-seq, DESeq2 results (E9.5 male vs
745  E17.5 male): Fig. 11, Supplementary Fig. 3D-E

746

747  Supplementary Table 8: Developmental placenta bulk RNA-seq, DESeq?2 results (E9.5 female
748  vs E17.5 female): Fig. 11, Supplementary Fig. 3D-E

749

750  Supplementary Table 9: Developmental placenta functional annotation analysis, Gene Ontology
751  Biological Processes (E9.5 male vs E17.5 male): Fig. 1K

752

753  Supplementary Table 10: Developmental placenta functional annotation analysis, Reactome
754  (E9.5 female vs E17.5 female): Fig. 1K

755

756  Supplementary Table 11: Transgenic placenta H3K4me3Q5ser ChIP-seq, DiffBind results (WT
757  vs Sert KO): Fig. 3A-C, Supplementary Fig. 7C-D

758

759  Supplementary Table 12: Transgenic placenta H3K4me3 ChIP-seq, DiffBind results (WT vs Sert
760 KO): Fig. 3A, 3C

761

762  Supplementary Table 13: Transgenic placenta H3K4me3Q5ser ChIP-seq, DiffBind results (WT
763 vs Tphl KO): Fig. 3A, 3C, Supplementary Fig. 7A

764

765  Supplementary Table 14: Transgenic placenta H3K4me3 ChIP-seq, DiffBind results (WT vs
766  Tphl KO): Fig. 3A, 3C, Supplementary Fig. 7A
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Supplementary Table 15: Transgenic placenta H3K4me3Q5ser ChIP-seq, DiffBind results (WT
vs Oct3 KO): Fig. 3A, 3C, Supplementary Fig. 7B

Supplementary Table 16: Transgenic placenta H3K4me3 ChIP-seq, DiffBind results (WT vs
Oct3 KO): Fig. 3A, 3C, Supplementary Fig. 7B

Supplementary Table 17: Transgenic placenta functional annotation analysis, Gene Ontology
Biological Processes (WT vs Sert KO): Fig. 3G

Supplementary Table 18: Transgenic placenta functional annotation analysis, Gene Ontology
Biological Processes (WT vs Tphl KO): Fig. 3G

Supplementary Table 19: Transgenic placenta functional annotation analysis, Gene Ontology
Biological Processes (WT vs Oct3 KO): Fig. 3G

Supplementary Table 20: Transgenic brain bulk RNA-seq, normalized counts table

Supplementary Table 21: Transgenic brain bulk RNA-seq, DESeq?2 results (WT vs Sert KO):
Fig. 4E-F

Supplementary Table 22: Transgenic brain bulk RNA-seq, DESeq2 results (WT vs Tphl KO):
Fig. 4E-F

Supplementary Table 23: Transgenic brain bulk RNA-seq, DESeq2 results (WT vs Oct3 KO):
Fig. 4E-F

Supplementary Table 24: Transgenic brain bulk RNA-seq functional annotation analysis, Gene
Ontology Biological Processes (WT vs Sert KO): Fig. 4G

Supplementary Table 25: Transgenic brain bulk RNA-seq functional annotation analysis,
Reactome (WT vs Sert KO): Fig. 4G

Supplementary Table 26: Transgenic brain bulk RNA-seq functional annotation analysis, Gene
Ontology Biological Processes (WT vs Oct3 KO): Fig. 4G

Supplementary Table 27: Transgenic brain bulk RNA-seq functional annotation analysis,
Reactome (WT vs Oct3 KO): Fig. 4G

Supplementary Table 28: Transgenic brain bulk RNA-seq functional annotation analysis,
Reactome (WT vs Tphl KO): Fig. 4G
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