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Abstract

The bloodstream form of the parasite Trypanosoma brucei obtains iron from its mammalian host by
receptor-mediated endocytosis of host transferrin through its own unique transferrin receptor
(TbTfR). Expression of ThTfR rapidly increases upon iron starvation by post-transcriptional regulation
through a currently undefined mechanism that is distinct from the mammalian iron response system.
We have created reporter cell lines by fusing the THhTfR 3'UTR or a control Aldolase 3’UTR to reporter
genes encoding GFP or firefly Luciferase, and inserted the fusions into a bloodstream form cell line at
a tagged ribosomal RNA locus. Fusion of the ThTfR 3’UTR is sufficient to significantly repress the

expression of the reporter proteins under normal growth conditions. Under iron starvation conditions
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we observed upregulation of the TbTfR 3’UTR fusions only, with a magnitude and timing consistent
with that reported for upregulation of the TbTfR. We conclude that the dynamic regulation of the T.
brucei transferrin receptor in response to iron starvation is mediated via its 3’UTR, and that the effect

is independent of genomic location.

Introduction

The obligate extracellular parasite Trypanosoma brucei has a complex digenetic lifecycle between a
tsetse fly vector and a range of mammalian hosts. The bloodstream form of T. brucei has evolved a
unique transferrin receptor (TbTfR) that allows it to obtain the essential element iron through receptor
mediated endocytosis of host transferrin (Tf) (1, 2). Different ThTfR genes encode proteins with
varying affinities for Tf from different mammals, and the occurrence of multiple TbTfR genes has been

suggested to allow the parasite to adapt to a wide host range (3, 4).

A subset of T. brucei genes are transcribed by RNA polymerase | (RNA pol |), including the essential
Variant Surface Glycoprotein (VSG) which forms a dense surface coat that enables the parasite to
evade the host’s innate and adaptive immune responses, and which undergoes antigenic variation
from a repertoire of ~1500 VSG genes (5). Of the 15 subtelomeric VSG bloodstream expression sites
(BES), only one is active at a time so that a single VSG is transcribed from a discrete location within the
nucleus (6). Antigenic variation requires replacement of the VSG within the active BES or a switch to a
different BES, with the latter also causing a change in the expressed complement of expression site
associated genes (ESAGs) that are located on the VSG polycistronic transcriptional unit. The VSG
promoter proximal genes ESAG6 & ESAG7 form the heterodimeric TbTfR (1), which is evolutionarily
distinct from mammalian TfR and structurally resembles a truncated VSG homodimer (7). Both
monomers of TbTfR are extensively N-glycosylated and are membrane associated via the GPl anchor

present on ESAG6 (8).
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46 Under basal conditions only 3 x 10 TbTfR heterodimers (1) are expressed despite ESAG6 & 7 being
47 located on the same polycistronic transcriptional unit as the highly abundant VSG (5 x 10°
48  homodimers). Under iron starvation conditions expression of the ThTfR rapidly increases equally at
49 the mRNA and protein level, with lack of increase in VSG mRNA suggesting that regulation occurs
50 through a currently undefined post-transcriptional mechanism (9, 10). Reducing the uptake of iron
51 using the iron chelator deferoxamine, culturing with different mammalian serum, incubation with
52 anti-TfR antibodies, or competition with apo-Tf all result in a rapid 2.5 — 5-fold upregulation of the
53 TbTfR and a corresponding increase in Tf uptake (4, 9-11). Interestingly, TbTfR upregulation occurs
54  before intracellulariron stores are depleted and cells continue to divide for 48 h, suggesting that cells
55 are responding to changes in iron flux. The mechanism is distinct from the post-transcriptional Iron
56 Response Element (IRE) / Iron Response Protein (IRP) system found in mammals, as knockout of the
57 T. brucei IRP-1 homologue aconitase has no effect on ThTfR regulation (9). As TbTfR is a multi-gene
58  family that occurs in an atypically regulated locus, and available antibodies cross-react with different

59 ESAG6 & 7 glycoproteins, the direct study of ThTfR regulation is challenging.

60 The BES commonly active in T. brucei bloodstream form culture adapted strains (BES1, expressing
61 VSG221) contains ESAG6 & 7 genes with nanomolar affinity for bovine Tf, but that binds canine Tf only
62 poorly (3, 4). Prolonged iron starvation (>7 days) induced by changing from growth in media
63 supplemented with bovine serum to canine serum selects for cells that have altered the identity of
64  the expressed ESAG6 & 7 and VSG, either by switching to another BES or replacing the genes in the
65  active BES1 (4, 11). Switching events can be prevented by supplementing the canine serum with
66 bovine Tf, demonstrating that the adaption is driven by iron starvation (3). Under normal physiological
67  conditions the concentration of available host Tf is unlikely to limit trypanosome growth, but uptake
68 may become limiting in later stages of an infection when competition with anti-TbTfR antibodies

69  and/or host anaemia come into consideration (11, 12).

70 There is mounting evidence of the importance of the 3’UTR in the post-transcriptional regulation of

71 developmentally regulated genes in T. brucei. The stage-specific regulation of both RNA pol |
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transcribed VSG (13) and procyclin (14), and the RNA pol Il transcribed COX genes (15) has been
demonstrated to occur, at least in part, due to recognition of motifs within their respective 3’UTRs.
The developmental regulation of ESAG9 depends on a 34-nucleotide bifunctional element in the 3'UTR
that confers both positive and negative regulation (16), and an RNA binding protein that negatively
regulates ESAG9 has recently been identified through a genome-wide RNA interference screen (17).
Here, we investigate the importance of the THbTfR 3’UTR in the dynamic regulation of TbTfR in response
to iron starvation using a simplified reporter system. By fusing the ESAG6-3’UTR to reporter genes
encoding GFP or firefly Luciferase (fLUC), we demonstrate that the 3’UTR alone is sufficient to confer

dynamic regulation of gene expression in response to iron starvation.

Material and methods

Cell lines

The culture adapted monomorphic T. brucei brucei Lister 427 bloodstream form 2T1 cell line (18),
containing a tagged RRNA locus, were cultured in HMI-11T (19) containing 0.2 pg/mL Puromycin and
0.5 pg/mL Phleomycin at 37 °C in a 5% CO; incubator. Transfected 2T1 cell lines were selected and

maintained with 2.5 pg/mL Hygromycin in place of Puromycin.

Cloning of ESAG6 3’UTR

RNA was extracted from ~1 x 107 logarithmic phase cells using the RNeasy plus kit (Qiagen) according
to the manufacturer’s instructions. A two-step RT-PCR reaction was performed by first transcribing

0.25 pg of RNA using an Omniscript Reverse Transcriptase (Promega) with a Oligo-dT adapter primer

(5’-CGCGTCGACTAGTACTTTTTTTTTTITTITTIT-3’) and then using 5 pl of the resulting cDNA as a template

for a PCR amplification using Hot-start RED-Taq (Sigma) with primers specific for BES1 ESAG6 ORF (6)
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96 (5’-GCAGTACATTTGAGTCTT T-3’) and the adapter sequence (5'-CGCGTCGACTAGTAC-3’). The resulting
97  amplicon was ligated into pGEM-T-easy (Promega) prior to DNA sequencing.

98

99 Generation of reporter cell lines

100 The pRPaA®™ X vector, a version of the pRPa®™ X vector (18) with tetracycline operator removed,
101 was a kind gift from Sam Alsford, LSTHM. The firefly Luciferase (fLUC) ORF was PCR amplified from the
102 pCRmM-LUC-HYG vector (20) (a kind gift from Phillip Yates, Oregon Health & Science University, USA)
103 using a mutagenic forward primer incorporating a Hindlll site (underlined) to removes an internal Apal
104  site (mismatch in bold) (5-ATTATAAGCTTATGGAAGATGCCAAAAACATTAAGAAAGGCCCAGGG-3’) and
105  a reverse primer incorporating a BamHlI site (underlined) (5’-TTCGCGGATCCTCACACGGCGATCTTGC-
106  3’). The PCR product was ligated into pGEM-T-easy (Promega) to allow DNA sequencing prior to
107 subsequent subcloning into pRPaASf X using the Hindlll and BamHI sites to replace the GFP- stuffer
108  protein fusion, resulting in pRPaA™YC that contains the fLUC gene fused to the aldolase 3’UTR.

109 The 335bp ESAG6 3'UTR was PCR amplified from T. brucei gDNA using a forward primer incorporating
110  Xbal (italics) and BamHI (underlined) sites (5'-AATGATCTAGATAGGGATCCGGGAAGGATGCGAC-3’) and
111 reverse primer incorporating an Apal (underlined) site (5’-AATAGGGCCCAGTAGAATTAGTCTAGTTT-3’).
112 Digestion with Xbal and Apal allowed subcloning into pRPaAS X, replacing the stuffer protein X and
113  creating pRPaA®"P-ESAG6-3’UTR where the GFP gene is fused to ESAG6-3’UTR. Digestion of the same
114 PCR product with BamHI and Apal allowed subcloning into pRPaA-fLUC creating pRPaAV*-ESAG6-
115  3’UTR where the fLUC gene is fused to ESAG6-3’UTR. Finally, the ESAG6-3’UTR of pRPaA°P-ESAG6-
116  3’UTR was replaced with the aldolase 3’UTR of pRPaAS™ X using the BamHI and Apal sites creating
117 pRPaA-GFP that contains the GFP gene fused to the aldolase 3’UTR.

118 The reporter constructs were digested with Ascl, ethanol precipitated and resuspended in water prior
119  to transfection. 3 ug DNA was mixed with 1 x 107 2T1 cells suspended in transfection buffer (21) in a

120 2 mm cuvette (BioRad) and electroporated in an Amaxa Nucleofector (Lonza Biosciences) using


https://doi.org/10.1101/441931
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/441931; this version posted October 12, 2018. 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 4.0 International license.

121 program X-001. Cells were allowed to recover for 6h at 37 °C, 5% CO, in HMI-11T antibiotics before
122 selection with 2.5 pg/mL Hygromycin and 0.5 pg/mL Phleomycin.

123

124 Induction of iron starvation

125 The iron chelator deferoxamine (Sigma Aldrich) was added to T. brucei cell cultures at 25 uM to
126 induce iron starvation. For serum switching starvation experiments, cells were harvested at 800 x g,
127  washed once in HMI-11T without serum, and resuspended in HMI-11T containing either 10% fetal calf
128 serum (Labtech) or 10% donor dog serum (Labtech) with and without the addition of 200 pg/ml holo
129 bovine transferrin (Sigma).

130

131 Western blots
132 Cells were counted, harvested at 800 x g, the pellet resuspended at 1 x 10° cells/ul in 1 x SDS loading

133 buffer (Melford), and the cells lysed for 5 min at 95 °C. The lysate was separated on a 10% Tris-acetate
134  SDS-PAGE gel, transferred to a PYDF membrane using a Trans blot Turbo semi-dry blotter (Biorad) and
135 blocked overnight in 5% w/w ECL blocking agent (GE Healthcare) in TTBS (0.05% Tween 20 in Tris
136 buffered saline). The expression of GFP was detected with a rabbit anti-GFP primary (1:1000, Roche)
137 and an anti-rabbit-HRP conjugated secondary (1:20,000, GE Healthcare) with expression level
138  quantified with Clarity ECL chemiluminescent detection (Biorad) in a ChemiDoc XPS+ system (Biorad).
139  The detection of tubulin using mouse anti-tubulin KMX-1 primary (1:100; Gift from Keith Gull, Oxford)
140  and anti-mouse-HRP secondary (1:20,000, GE Healthcare) was used to verify loading

141

142 Luciferase assays
143 The expression of the fLUC reporter gene was quantified by incubating 100 pl of a 5 x 10° cells/ml T.

144  brucei culture in white 96 well plates with an equal volume the OneGlo luciferase reagent (Promega)
145  for 5 min, with the resulting luminescence detected using a Fluoroskan ascent FL plate reader (Thermo

146  Scientific) with a 10 sec acquisition time per well.
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147

148 Immunofluorescence microscopy
149 Approximately 1 x 10° cells were harvested by centrifugation at 800 x g, washed once with 1 x PBS

150 and allowed to adhere to glass slides for 5 min. Slides were incubated with 4% PFA for 5 min at room
151  temperature, washed twice in 1 x PBS for 5 minute. A drop of Fluoroshield with DAPI (Sigma) was
152 added to the slide, a coverslip was applied and the slide examined on a Leica DMRXA2 fluorescent
153 microscope.

154

155  Results

156

157 ldentification of the ESAG6-3’UTR

158 In order to investigate whether the 3'UTR of the TbTfR is involved in its dynamic regulation it was
159 necessary to first identify the size of the 3’"UTR, which due to its telomeric location is not present in
160 the previous polyadenylation site mappings (22, 23). As expression of ESAG7 may not be essential (6),
161  we focussed our efforts on ESAG6. To identify the size of the ESAG6 3’UTR expressed in the active
162 BES1, a two-step RT-PCR was performed with an oligo-dT adapter primer to transcribe cDNA and
163  subsequent amplification of the ESAG6-3’UTR with primers specific for BES1 ESAG6 open reading
164 frame and the adapter sequence. Sequencing of the resulting amplicons identified that
165 polyadenylation occurred at closely spaced sites 317 bp, 330 bp or 335 bp downstream of the ESAG6
166 stop codon. The observed heterogeneity and 3’UTR length are consistent with previous observations
167 inT. brucei (22, 23). Sequence alignment revealed a high level of sequence conservation between the
168 13 copies of the ESAG6-3’UTR found in the 15 different BES (6), with pairwise comparison of the
169 nucleotide sequences revealing 91.0 — 99.7 % identity (24) (Fig 1 & S1 Fig). Interestingly the 3’UTR of
170  the putative genomic copy of ESAG6 (Th927.9.15680) was less conserved, with only 38.9 —42.2 %

171  sequence identity with the telemeric sequences (24) (S2 Fig).
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Fig 1. Identification of the ESAG6-3’UTR. The observed polyadenylation sites are indicated with
triangles above the sequence, and sequence identify with the other 13 BES ESAG6-3’UTR sequences

indicated by stars below the sequence. Sequences were aligned with T-Coffee (25).

Fusion of the ESAG6-3’UTR represses reporter protein expression
To investigate the potential involvement of the ESAG6-3’UTR in regulation of the TbTfR, constructs

were created with the reporter genes GFP or firefly Luciferase (fLUC) flanked by either the aldolase
(ALD) 3’'UTR or the 335 bp ESAG6-3’UTR (Fig 2). The reporter genes were located downstream of a
RRNA promoter and integrated into the tagged RRNA locus in the 2T1 cell line to ensure high levels of

constitutive transcription by RNA pol | whilst avoiding positional effects (18).

Fig 2. Reporter constructs used in this study. RNA processing regions and promoters: HygAStop -

portion of the hygromycin resistance targets the Hyg-tagged RRNA locus; Prrna - RRNA promoter; Pero
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187 - procyclin promoter; PRO - procyclin 5’UTR; ALD - Aldolase 3'UTR; ESAG6 - ESAG6-3’'UTR; GFP —green
188  fluorescent protein; fLUC — firefly luciferase.

189

190 Observation of the GFP reporter cell lines by immunofluorescence microscopy confirmed cytosolic
191 expression of GFP, with the ESAG6-3’UTR reporter cells producing noticeable diminished GFP signal
192 compared to the ALD-3'UTR reporter cells (Fig 3A). The steady state expression level of GFP during
193 exponential growth was quantified by western blotting with anti-GFP antibodies for three
194 independent clones, revealing that expression of GFP in the ESAG6-3’UTR reporter cells was repressed
195 by ~80% compared to the ALD-3’UTR reporter cells (Fig 3B). Similarly, measurement of luciferase
196  activity in the fLUC expressing cell lines revealed a significant difference between the ESAG6-3’UTR
197  and ALD-3’UTR for each of three independent clones, with the fusion of the ESAG6-3'UTR repressing
198  the expression level by ~90% (Fig 3C). The level of expression of TbTfR has previously been reported
199  toincrease up to 5-fold at high cell density (26), and we observe similar cell density dependent changes
200 in luciferase activity in the ESAG6-3’UTR fusion (Fig 3D). Together, these data demonstrate that fusion
201 of the ESAG6-3'UTR to a reporter gene is sufficient to repress the expression of the reporter under

202 normal growth conditions.
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203

204  Fig 3. Reporter protein expression under normal culture conditions. A. Imnmunofluorescence of GFP
205 reporter constructs. B. Quantification of GFP expression by western blotting, using anti-GFP and KMX1
206 as a loading control. C. Luciferase activity assay, D. Luciferase activity of the ESAG6-3'UTR cell line
207  varies with cell density. Data in panel B-D represents three independent clones of each cell line.
208 Luciferase signal is normalised to the aldolase-3’'UTR signal; error bars are SEM for triplicate

209 measurements. ALD — aldolase-3’UTR, ESAG6 — ESAG6-3'UTR. * p < 0.05, ** p < 0.001.
210

211 The ESAG6 3’UTR mediates iron starvation response
212 The addition of the iron chelator deferoxamine to T. brucei cells reduces the availability of Tf-bound

213 iron, and results in a 2.4 — 3.7-fold increase in ThTfR expression after 5 hours (9). Treatment of the
214  fLUC reporter cell lines with deferoxamine for 5 hours had no significant effect on the luciferase
215 activity of the ALD-3’UTR reporter cells (Fig 4A). Conversely, deferoxamine treatment increased the
216  luciferase activity of the ESAG6-3’UTR reporter cells by ~10-fold, so that the activity was approaching
217  that of the ALD-3’UTR reporter cells (Fig 4A).

218 Switching T. brucei cells with an active BES1 from growth in media supplemented with 10% bovine

219  serum to growth in media supplemented with 10% canine serum results in rapid 2.5 — 5-fold
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220  upregulation of ESAG6 and ESAG7 at the mRNA and protein level, as the ThTfR expressed from BES1
221 has a particularly low affinity for canine Tf (3, 9, 10, 26). The addition of excess bovine Tf to media
222  supplemented with 10% canine serum prevents the upregulation of TbTfR as cells are no longer
223 starved of iron, validating the specificity of the response (3, 4). Switching the fLUC reporter cell lines
224  tocanine serum supplemented media for 5 hours increased the luciferase activity of the ESAG6-3'UTR
225 reporter cells by ~3.5-fold compared to growth in canine serum supplemented media with excess
226  bovine Tf (Fig 4B). The addition of excess bovine Tf to bovine serum supplemented media for 5 hours
227 had no significant effect on the luciferase activity of either reporter cell line (S3 Fig).

228 The fLUC ESAG6-3’'UTR reporter cell line was used to investigate the temporal profile of the response
229  to serum switching. In the absence of additional bovine Tf, a time-dependent increase in luciferase
230  activity was observed in cells grown in canine serum supplemented media compared to cells grown in
231 bovine serum supplemented media (Fig 4C), with a significant 1.4-fold increase observed as early as
232 30 minutes after serum switching and increasing to ~10-fold after 6 hours. Addition of bovine Tf to the
233 canine serum supplemented media reduced the magnitude of the increase to ~2-fold after 6 hours
234 but did not completely negate the effect, suggesting that the amount of additional bovine Tf used
235 here is not sufficient to completely restore iron intake.

236 These data demonstrate that fusion of the ESAG6-3’UTR to a reporter gene is sufficient to confer
237 dynamic regulation of reporter expression in response to iron starvation conditions, and that
238  upregulation is more rapid than previously thought. The changes in the luciferase activity observed
239 here are broadly consistent with the magnitude of increase in TfR expression previously observed for
240  the iron starvation response, with levels as high as 10-fold reported (26, 27). The slightly larger
241  changes observed with the fLUC reporter compared TbTfR might be due to the superior quantitation
242  and dynamic range of the bioluminescence assay compared to western blotting with polyclonal anti-
243 TbHTfR antibodies.

244
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245

246  Fig 4. Luciferase expression in the ESAG6-3’UTR reporter increases under iron starvation conditions.
247 A Luciferase activity of fLUC ESAG6-3'UTR reporter cells treated with 25 uM deferoxamine for 5 h,
248 normalised to untreated ALD signal. B. Luciferase activity of fLUC ESAG6-3'UTR reporter cells switched
249  to HMI11-T + 10% dog serum for 5 h with or without the addition of 200 pug/ml bovine transferrin (Tf),
250 normalised to untreated ALD signal. C. Time course of luciferase activity of fLUC ESAG6-3'UTR reporter
251  cells switched to HMI11-T + 10% dog serum for 5 h with or without the addition of 200 ug/ml bovine
252 Tf, normalised to signal in HMI11-T + 10% FCS. ALD — aldolase 3’UTR, ESAG6 — ESAG6 3’UTR. Error bars

253 are SEM for triplicate measurements, * p < 0.05, ** p < 0.001.

254

255 Discussion
256 Our data demonstrate that fusion of the ESAG6-3’UTR to reporter genes is sufficient to confer a
257 specific response to iron starvation conditions that increases the expression of the reporter with a

258 magnitude and temporal profile consistent with that previously observed for TbTfR upregulation.
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259  Since the reporter gene is located in a RRNA locus, this provides evidence that the dynamic regulation
260  of TbTfR expression is independent of transcription within the BES site or location at the telomere,
261  and decouples the rapid dynamic regulation of TbTfR expression from subsequent VSG switching
262 events (3, 4, 11). To our knowledge, this is the first time that a T. brucei 3'UTR has been demonstrated
263 to be involved in dynamic post-transcriptional regulation of a gene in response to a specific nutritional
264 stimulus, rather than mediated through irreversible developmental regulation in response to lifecycle
265 changes.

266 We have demonstrated that fusion of the ESAG6 3’-UTR causes the expression of the gene product
267  to be repressed under basal conditions, which is consistent with the low level ESAG6 mRNA present
268  despite being located on the highly transcribed VSG polycistronic transcriptional unit. Under iron
269  starvation conditions the repressive effect of the ESAG6 3'UTR is reduced, resulting in an increase of
270  expression that is most likely driven by an increase in transcript abundance, as TbTfR increases equally
271  at the mRNA and protein level (9, 10). The involvement of the 3’UTR in iron starvation response
272 suggest that it contains secondary structural elements or sequence motifs that are recognised by RNA
273 binding protein(s) (RBPs), but the high level of sequence conservation in the UTR makes it likely that
274 any such features are more extensive than the 16-mer regulatory sequence identified in VSG mRNAs
275 (28). Further experiments will be required to identify any regulatory features present in the ESAG6 3’-

276 UTR, and whether they have a positive or negative regulatory role.

277 TbTfR is a multi-gene family that occurs in a promoter proximal position in the 15 BES, and Ansorge
278 et al. have previously used RT-PCR analysis to propose that ~20% of ESAG6 mRNA is transcribed from
279  the 14 silent BES due promoter-proximal de-repression of silencing (29). Recent analysis of the surface
280  proteome in culture adapted monomorphic cell line by Ghadella et al. (30) detected VSGs and ESAGs
281  from multiple BES in addition to the major active BES, which the authors suggest is due to the
282 occurrence of low abundance of a subpopulation of cells that have switched their active BES. Analysis
283 of our own global proteomic data sets (19, 31, 32) supports their conclusion, as although the most

284 abundant ESAGs detected correlate with the BES of the most abundant VSG, several other VSGs from
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285 ‘silent’ BES are detected at lower abundance along with their corresponding ESAGs. Therefore we
286  propose that the transcription of TbTfR from supposedly ‘silent’ BES can at least in part be explained
287 by the occurrence of a low abundance of subpopulation of cells that have switched their active BES,
288 and that any contribution of de-repression of silent BES to the rapid dynamic regulation of ThTfR

289 expression is likely to be minimal.

290

291 Conclusions

292 Taken together, the data presented here demonstrate that fusion of the ESAG6-3’UTR to a reporter
293  gene is sufficient to confer a specific response to iron starvation conditions that increases the
294  expression of the reporter with a magnitude and temporal profile consistent with that previously
295  observed for TbTfR upregulation. The effect is independent from transcription within the expression
296  site or location at the telomere, and is therefore decoupled from VSG switching events. The fLUC-
297 ESAG6-3’'UTR reporter system is experimentally tractable and provides a simple and reproducible
298  signal-and-response system in cultured monomorphic cells with which to elucidate a signalling

299  pathway essential for the clinically-relevant bloodstream form parasite
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405 sequence. Sequences were aligned with T-Coffee [1].
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S2 Fig. Sequence alignment of the BES and putative genomic ESAG6 3’UTRs. The observed
polyadenylation sites are indicated with triangles above the sequence, and sequence identify

indicated by stars below the sequence. Sequences were aligned with T-Coffee [1]

S3 Fig. Luciferase reporter expression in normal media is unaffected by addition of bovine
transferrin. Luciferase activity of fLUC ESAG6-3’UTR reporter cells grown in HMI11-T + 10% FBS with
or without the addition of 200 mg/ml bovine transferrin, normalised to ALD signal. ALD — aldolase

3'UTR, ESAG6 — ESAG6 3’UTR. Error bars are SEM for triplicate measurements, NS = p > 0.05.
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Supplementary Figure S3. Luciferase reporter expression in normal media is unaffected by addition
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GGGAAGGATGCGACCGAAACTGCGCTGCTTAGCGTGAAAGATTATGGTAATGGAGGGTTGGGAAAG-ATTGGGGAAACAA
AGGAAGGATGCGACAGAAGCTGCGCTGCTTAGTGTGAAAGATTATGGTAATGGAGGGTTGTGAAAG-ATTGGGGGAACAA
AGGAAGGATGCGACCGAAACTGCGCTGCTTCGCGTGAAAGATTATGGTAATGGAGGGTTGGGAAAAAATCGGTGAAACAA
AGGAAGGATGCGACAGAAGCTGCGCTGCTTAGCGTGAAAGATTATGGTAATGGAGGGTTGTGAAAG-ATTGGGGGAACAA
AGGAAGGATGCGACAGAAGCTGCGCTGCTTAGCGTGAAAGATTATGTTAATGGAGGGTTGTGAAAG-ATTGGGGGAACAA
GGGAAGGATGCGACCGAAACTGCGCTGTTTCGCGTGAATGATTATGATAATGGAGGGTTGGGAAAG-ATTGGGGGAACAA
AGGAAGGATGCGACCGAAACTGCGCTGCTTCGCGTGAAAGATTATGGTAATGGAGGGTTGGGAAAAAATCGGTGAAACAA
GGGAAGGATGCGACCGAAACTGCGCTGCTTCGCGTGAATGATTATGATAATGGAGGGTTGGGAAAAAATCGGGGAAACAA
GGGAAGGATGCGACCGAAACTGCGCTGCTTCGCGTGAAAGATTGTGGTAATGGAGGGTCGGGAAAG-ATTGGGGGAACAA
GGGAAGGATGCGACCGAAACTGCGCTGCTTAGCGTGAAAGATTATGGTAATGGAGGGTTGGGAAAG-ATTGGGGGAACAA
AGGAAGGATGCGACCGAAACTGCGCTGTTTCGCGTGAAAGATTATGGTAATGGAGGGTTGGGAAAG-ATTGGGGGAACAA
GGGAAGGATGCGACCGAAACTGCGCTGCTTAGCGTGAAAGATTATGGTAATGGAGGGTTGGGAAAG-ATTGGGGGAACAA
AGGAAGGATGCGACCGAAACTGCGCTGCTTCGCGTGAAAGATTATGGTAATGGAGGGTTGGGAAAAAATCGGTGAAACAA

KAk Kk K KAk hA AAAAAAAAAIA Kk hkkk kk kk ok kkkkk

ATACCTATTTCTTTTATTTGGGGGAACAAATGGGCAAAAGTAACGTAAGTTTCCAGTGGGAGTGGTATGTGTGTGTGTAT
AAACCTATTTCTTTTATTTGGGGGAACAAATGGGCAAAAGTAACGTAAGTTTCCAGTGGGAGTGGTATGTGTGTGTGTAT
ATACCTATTTCTTTTATTTGGGGGAACAAATGGGAAATGGTAACGTAAGTTTCCAGCGGGAGTGGTATGT--GTGTGTAT
AAACCTATTTCTTTTATTTGGGGGAACAAATGGGCAAAAGTAACGTAAGTTTCCAGTGGGAGTGGTATGTGTGTGTGTAT
AAACCTATTTCTTTTATTTGGGGGAACAAATGGGCAAAAGTAACGTAAGTTTCCAGTGGGAGTGGTATGTGTGTGTGTAT
ATACCTATTTCTTTTATTTGTGGGAACAAATGGGCAGAAGTAACGTAAGTTTCTAGCGGGAGTGGTG--T--GTGTGCAT
ATACCTATTTCTTTTATTTGGGGGAACAAATGGGAAATGGTAACGTAAGTTTCCAGCGGGAGTGGTATGT--GTGTGTAT
ATACCTATTTCTTTTATTTGGGGGAACAAATGGGCAAAAGTAACGTAAGTTTCCAGCGGTAGTGGTG--T--GTGTGTAT
AAACCTATTTCTTTTATTTGTGGGAACAAATGGGAAATGGTAACGTAAGTTTCTAGCGGGAGTGGTATGT--GTGTGTAT
AAACCTATTTCTTTTATTTGGGGGAACAAATGGGCAAAAGTAACGTGAGTTTCCAGCGGGAGTGGTGTGT--GTGTGCAT
AAACCTATTTCTTTTATTTGGGGGAACAAATGGGCAAAAGTAACGTAAGTTTCCAGTGGGAGTGGTATGTGTGTGTGTAT
AAACCTATTTCTTTTATTTGGGGGAACAAATGGGCAAAAGTAACGTAAGTTTCCAGCGGGAGTGGTGTGT--GTGTGCAT
ATACCTATTTCTTTTATTTGGGGGAACAAATGGGAAATGGTAACGTAAGTTTCCAGCGGGAGTGGTATGT--GTGTGTAT

* * KA Ak khkAkA *  Kkkkk Kk

GGGGCTGGCTAAGGAAAGATGTGAGTTCGGCATGTGGTATGTACAAGCTACGAAAACGTGTGAAACAAAACGAGATGTAA
GGGGCTGGCTAAGGAAAGATGTGAGTTCGGCATGTGGTATGTACAAGCTACGAAAACGTGTGAAACAAAACGAGATGTAA
GGGGCTGGCTAAGGAAAGATGTAAGTTCGGCATGTGGTATGTACAAGCTATGAAAACGAGTGAAACAAAACGAGTTATAA
GGGGCTGGCTAAGGAAAGATGTGAGTTCGGCATGTGGTATGTACAAGCTACGAAAACGTGTGAAACAAAACGAGATGTAA
GGGGCTGGCTAAGGAAAGATGTGAGTTCGGCATGTGGTATGTACAAGCTACGAAAACGTGTGAAATAAAACGAGATGTAA
GGGACGGGTTAAGGAAAGATGTATGTTCGGCATGTGGTATGTACAAGCTACGAAAACGTTTGAAACAAAACGAGATGTAA
GGGGCTGGCTAAGGAAAGATGTAAGTTCGGCATGTGGTATGTACAAGCTATGAAAACGAGTGAAACAAAACGAGTTATAA
GGGGCTGGCTAAGGAAAGATGTAAGTTCGGCATGTGGTATATACAAGCTACGAAAACGTGTGAAACAAAACGAGATGTAA
GGGGCTGGCTAAGGAAAGATGTAAGTTCGGCATGTGGTATGTACAAGCTACGAAAACGTGTGAAACAAAACGATATGTAA
GGGGCTGACTAAGGAAAGATGTAAGTTCGGAATGTGGTATGTACAAGCTACGAAAACGTGTGAAACAAAACGATATGTAA
GGGGCTGGCTAAGGAAAGATGTAAGTTCGGAATGTGGTATGTACAAGCTACGAAAACGTTTGAAACAAAACGAGATGTAA
GGGACGGGTTAAGGAAAGATGTAAGTTCGGCATGTGGTATGTACAAGCTACGAAAACGTTTGAAACAAAACGAGATGTAA
GGGGCTGGCTAAGGAAAGATGTAAGTTCGGCATGTGGTATGTACAAGCTATGAAAACGAGTGAAACAAAACGAGTTATAA

Khk K Kk * kkk

GGGGAAAATGTAACAACCAACTATGTTAAATT-TCAG--GAGACTATTTTTCAAATTTAGTTACAACAAAGTAAATGTCA
GGGGAAAATGTAACAACCAACTATGTTAAATT-TCAG--GAGACTATTTTTCAAATTTAGTTACAACAAAGTAAATGTCA
GGGGGAAATGTAACAACCAACTTTGCTAAATTTTCAG--GATACTATTTTTCAAATTTAGTTACAACAAAGTAAATGTCA
GGGGAAAATGTAACAACCAACTATGTTAAATT-TCAG--GAGACTATTTTTCAAATTTAGTTACAACAAAGTAAATGTCA
GGGGAAAATGTAACAACCAACTATGTTAAATT-TCAG--GAGACTATTTTTCAAATTTAGTTACAACAAAGTAAATGTCA
GGGGAAAATGTAACAACTAACTATGTTAAATT-TCAG--GAGACTATTTTTCAAATTTAGTTACAACAAAGTAAATGTCA
GGGGGAAATGTAACAACCAACTATGTTAAATT-TTAG--GATACTATTTTTCAAATTTAGTTACAACAAAGTAAATGTCA
GGGGAAAATGTAACAACCAACTATGTTAAATT-TCAG--GAGACTATTTTTCAAATTTAGTTACAACACAGTAAATGTTA
GGGGAAAATGTAACAACCAACTATGTTAAATT-TCAG--GAGACTATTTTTCAAATTTAGTTACAACAAAGTAAATGTCA
GGGGAAAATGTAACAACCAACTATGTTAAATT-TCAA--GAGACTATTTTTCAAATTTAGTTACAACAAAGTAAATGTCA
GGGGAAAATGTAACAACCAACTATGTTAAATT-TTAG--GAGACTATTTTTCAAATTTAGTTACAACAAAGTAAATGTCA
GGGGAAAATGTAACAACTATCTATGTTAAATT-TCAGAAGAGACTATTTTTCAAATTTAGTTACAACAAAGTAAATGTCA
GGGGGAAATGTAACAACCAACTTTGCTAAATTTTCAG--GATACTATTTTTCAAATTTAGTTACAACAAAGTAAATGTCA

Fhkh AAAKAKAAAAAK K kk hk hkkkkk Kk K *k *

+ + +
AATAATGCCAACTATAAAGGAAAA-———————-
AATAATGCCAACTATAAAGGAAAACTAG---AC
AATAAAGCCAACTATAAAAGAAAACTAG----A
AATAATGCCAACTATAAAGGAAAACTAG----A
AATAATGCCAACTATAAAGGAAAACTAG----A
AATAATGCCAACTATAAAGGAAAACTAGACTAA
AATAATGCCAACTATAAAAGAAAACTAGA---C
AATAATGCCAACTATAAAGGAAAACCAGAC-TA
AATAATGCCAACTATAAAGGAAAACTAGA--CT
AATAATGCCAACTATAAAGGAAAACTAGA--CT
AATAATGCCAACTATAAAGGAAAACTAG----A
AATAATGCCAACTATAAAGGAAAACTAG----A
AATAATGCCAACTATAAAAGAAAACTAG----A

Supplementary Figure S1. Sequence alignment of the BES ESAG6 3’UTRs. The observed
polyadenylation sites are indicated with triangles above the sequence, and sequence identify
indicated by stars below the sequence. Sequences were aligned with T-Coffee [1].
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Supplementary Figure S2. Sequence alignment of the BES and putative genomic ESAG6 3’UTRs. The
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GGGAAGGATGCGACCGAAACTGCGCTGCTTAGCGTGAAAGATTATGGTAATGGAGGGTTGGGAAA-GATTGGGGAAACAA
AGGAAGGATGCGACAGAAGCTGCGCTGCTTAGTGTGAAAGATTATGGTAATGGAGGGTTGTGAAA-GATTGGGGGAACAA
AGGAAGGATGCGACCGAAACTGCGCTGCTTCGCGTGAAAGATTATGGTAATGGAGGGTTGGGAAAAAATCGGTGAAACAA
AGGAAGGATGCGACAGAAGCTGCGCTGCTTAGCGTGAAAGATTATGGTAATGGAGGGTTGTGAAA-GATTGGGGGAACAA
AGGAAGGATGCGACAGAAGCTGCGCTGCTTAGCGTGAAAGATTATGTTAATGGAGGGTTGTGAAA-GATTGGGGGAACAA
GGGAAGGATGCGACCGAAACTGCGCTGTTTCGCGTGAATGATTATGATAATGGAGGGTTGGGAAA-GATTGGGGGAACAA
AGGAAGGATGCGACCGAAACTGCGCTGCTTCGCGTGAAAGATTATGGTAATGGAGGGTTGGGAAAAAATCGGTGAAACAA
GGGAAGGATGCGACCGAAACTGCGCTGCTTCGCGTGAATGATTATGATAATGGAGGGTTGGGAAAAAATCGGGGAAACAA
GGGAAGGATGCGACCGAAACTGCGCTGCTTCGCGTGAAAGATTGTGGTAATGGAGGGTCGGGAAA-GATTGGGGGAACAA
GGGAAGGATGCGACCGAAACTGCGCTGCTTAGCGTGAAAGATTATGGTAATGGAGGGTTGGGAAA-GATTGGGGGAACAA
AGGAAGGATGCGACCGAAACTGCGCTGTTTCGCGTGAAAGATTATGGTAATGGAGGGTTGGGAAA-GATTGGGGGAACAA
GGGAAGGATGCGACCGAAACTGCGCTGCTTAGCGTGAAAGATTATGGTAATGGAGGGTTGGGAAA-GATTGGGGGAACAA
AGGAAGGATGCGACCGAAACTGCGCTGCTTCGCGTGAAAGATTATGGTAATGGAGGGTTGGGAAAAAATCGGTGAAACAA
TGT——GAATGTAAAAGAAGTA——ACTGGCTCGTATAT ACATTGATCTCTTG---TATTGGGTAGAGCTCG-CCATTTTG

* kkk Kk kkk *hkk Kk Kk Kk Kkk EE EE * x

ATACCTATTTCTTT---TATTTGGGGGAACAAATGGGCAAAAGTAACG--TAAGTTTCCAGTGGGAGTGGTATGTGTGTG
AAACCTATTTCTTT---TATTTGGGGGAACAAATGGGCAAAAGTAACG--TAAGTTTCCAGTGGGAGTGGTATGTGTGTG
ATACCTATTTCTTT---TATTTGGGGGAACAAATGGGAAATGGTAACG--TAAGTTTCCAGCGGGAGTGGTATGT--GTG
AAACCTATTTCTTT---TATTTGGGGGAACAAATGGGCAAAAGTAACG--TAAGTTTCCAGTGGGAGTGGTATGTGTGTG
AAACCTATTTCTTT---TATTTGGGGGAACAAATGGGCAAAAGTAACG--TAAGTTTCCAGTGGGAGTGGTATGTGTGTG
ATACCTATTTCTTT---TATTTGTGGGAACAAATGGGCAGAAGTAACG--TAAGTTTCTAGCGGGAGTGGTG--T--GTG
ATACCTATTTCTTT---TATTTGGGGGAACAAATGGGAAATGGTAACG--TAAGTTTCCAGCGGGAGTGGTATGT--GTG
ATACCTATTTCTTT---TATTTGGGGGAACAAATGGGCAAAAGTAACG--TAAGTTTCCAGCGGTAGTGGTG--T--GTG
AAACCTATTTCTTT---TATTTGTGGGAACAAATGGGAAATGGTAACG--TAAGTTTCTAGCGGGAGTGGTATGT--GTG
AAACCTATTTCTTT---TATTTGGGGGAACAAATGGGCAAAAGTAACG--TGAGTTTCCAGCGGGAGTGGTGTGT--GTG
AAACCTATTTCTTT---TATTTGGGGGAACAAATGGGCAAAAGTAACG--TAAGTTTCCAGTGGGAGTGGTATGTGTGTG
AAACCTATTTCTTT---TATTTGGGGGAACAAATGGGCAAAAGTAACG--TAAGTTTCCAGCGGGAGTGGTGTGT--GTG
ATACCTATTTCTTT---TATTTGGGGGAACAAATGGGAAATGGTAACG--TAAGTTTCCAGCGGGAGTGGTATGT--GTG
CAGCCTATGCGTGCCACAACATCTGTCACCGTGTGTA ACAAGTGAAGTTCCAGTTTACCTTGGTCATTGCATTT——AAC
*

Fekkkk *k Kk X Fekkkok

TGT-ATGGGGCTGGCTAAGGAA-AGATGTGAGTTCGGCATGTGGTA-TGT-ACAAGCTACGAAAACGTGTGAAACAAAAC
TGT-ATGGGGCTGGCTAAGGAA-AGATGTGAGTTCGGCATGTGGTA-TGT-ACAAGCTACGAAAACGTGTGAAACAAAAC
TGT-ATGGGGCTGGCTAAGGAA-AGATGTAAGTTCGGCATGTGGTA-TGT-ACAAGCTATGAAAACGAGTGAAACAAAAC
TGT-ATGGGGCTGGCTAAGGAA-AGATGTGAGTTCGGCATGTGGTA-TGT-ACAAGCTACGAAAACGTGTGAAACAAAAC
TGT-ATGGGGCTGGCTAAGGAA-AGATGTGAGTTCGGCATGTGGTA-TGT-ACAAGCTACGAAAACGTGTGAAATAAAAC
TGC-ATGGGACGGGTTAAGGAA-AGATGTATGTTCGGCATGTGGTA-TGT-ACAAGCTACGAAAACGTTTGAAACAAAAC
TGT-ATGGGGCTGGCTAAGGAA-AGATGTAAGTTCGGCATGTGGTA-TGT-ACAAGCTATGAAAACGAGTGAAACAAAAC
TGT-ATGGGGCTGGCTAAGGAA-AGATGTAAGTTCGGCATGTGGTA-TAT-ACAAGCTACGAAAACGTGTGAAACAAAAC
TGT-ATGGGGCTGGCTAAGGAA-AGATGTAAGTTCGGCATGTGGTA-TGT-ACAAGCTACGAAAACGTGTGAAACAAAAC
TGC-ATGGGGCTGACTAAGGAA-AGATGTAAGTTCGGAATGTGGTA-TGT-ACAAGCTACGAAAACGTGTGAAACAAAAC
TGT-ATGGGGCTGGCTAAGGAA-AGATGTAAGTTCGGAATGTGGTA-TGT-ACAAGCTACGAAAACGTTTGAAACAAAAC
TGC-ATGGGACGGGTTAAGGAA-AGATGTAAGTTCGGCATGTGGTA-TGT-ACAAGCTACGAAAACGTTTGAAACAAAAC
TGT-ATGGGGCTGGCTAAGGAA-AGATGTAAGTTCGGCATGTGGTA-TGT-ACAAGCTATGAAAACGAGTGAAACAAAAC
TTTCCTAAACCT——CCATCCACATCGTGC ACTCCGCCAAACTGTAGCGCGGGAAGTTGTTGAAAAATGTGAATCTCATT

* * * * ks ECE * Kkk E EE Fkkk *
GA--—-—- GATGTAAGGGGAAAATGTAACAACCAACTATGTTAAATT-TCAG--GAGACTATTTTTCAAATT----TAGTT
GA---——- GATGTAAGGGGAAAATGTAACAACCAACTATGTTAAATT-TCAG--GAGACTATTTTTCAAATT----TAGTT
GA--—-—- GTTATAAGGGGGAAATGTAACAACCAACTTTGCTAAATTTTCAG--GATACTATTTTTCAAATT----TAGTT
GA--——-—- GATGTAAGGGGAAAATGTAACAACCAACTATGTTAAATT-TCAG--GAGACTATTTTTCAAATT----TAGTT
GA--——-—- GATGTAAGGGGAAAATGTAACAACCAACTATGTTAAATT-TCAG--GAGACTATTTTTCAAATT----TAGTT
GA--———- GATGTAAGGGGAAAATGTAACAACTAACTATGTTAAATT-TCAG--GAGACTATTTTTCAAATT----TAGTT
GA--———- GTTATAAGGGGGAAATGTAACAACCAACTATGTTAAATT-TTAG--GATACTATTTTTCAAATT----TAGTT
GA--———- GATGTAAGGGGAAAATGTAACAACCAACTATGTTAAATT-TCAG--GAGACTATTTTTCAAATT----TAGTT
GA-——-- TATGTAAGGGGAAAATGTAACAACCAACTATGTTAAATT-TCAG--GAGACTATTTTTCAAATT----TAGTT
GA-——-- TATGTAAGGGGAAAATGTAACAACCAACTATGTTAAATT-TCAA--GAGACTATTTTTCAAATT----TAGTT
GA-———- GATGTAAGGGGAAAATGTAACAACCAACTATGTTAAATT-TTAG--GAGACTATTTTTCAAATT----TAGTT
GA-———- GATGTAAGGGGAAAATGTAACAACTATCTATGTTAAATT-TCAGAAGAGACTATTTTTCAAATT----TAGTT
GA-——-- GTTATAAGGGGGAAATGTAACAACCAACTTTGCTAAATTTTCAG--GATACTATTTTTCAAATT----TAGTT
GCATCCTTTTGCAATCCGACTTTCTT-GGTCCACGCAAG-CATGGG-TCAG--AAAGCATTTTAGCCAACCTCGGAAGTC
* * Kk * E * x * * E * * *kk E Kk
ACAACAAAGTAAATGTCAAATAATGCCAACTAT--AAAGGAAA-————————, A

ACAACAAAGTAAATGTCAAATAATGCCAACTAT--AAAGGAAAACTAG---AC
ACAACAAAGTAAATGTCAAATAAAGCCAACTAT--AAAAGAAAACTAG----A
ACAACAAAGTAAATGTCAAATAATGCCAACTAT--AAAGGAAAACTAG----A
ACAACAAAGTAAATGTCAAATAATGCCAACTAT--AAAGGAAAACTAG----A
ACAACAAAGTAAATGTCAAATAATGCCAACTAT--AAAGGAAAACTAGACTAA
ACAACAAAGTAAATGTCAAATAATGCCAACTAT--AAAAGAAAACTAGA---C
ACAACACAGTAAATGTTAAATAATGCCAACTAT--AAAGGAAAACCAGAC-TA
ACAACAAAGTAAATGTCAAATAATGCCAACTAT--AAAGGAAAACTAGA--CT
ACAACAAAGTAAATGTCAAATAATGCCAACTAT--AAAGGAAAACTAGA--CT
ACAACAAAGTAAATGTCAAATAATGCCAACTAT--AAAGGAAAACTAG----A
ACAACAAAGTAAATGTCAAATAATGCCAACTAT--AAAGGAAAACTAG----A
ACAACAAAGTAAATGTCAAATAATGCCAACTAT--AAAAGAAAACTAG----A
ACAACCAAGGAACTCATAAAAAGAGCTCCTTCCTCCCTGGTA——C——A————G
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observed polyadenylation sites are indicated with triangles above the sequence, and sequence
identify indicated by stars below the sequence. Sequences were aligned with T-Coffee [1]
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Supplementary Figure S3. Luciferase reporter expression in normal media is unaffected by
addition of bovine transferrin. Luciferase activity of fLUC ESAG6-3’'UTR reporter cells grown in
HMI11-T + 10% FBS with or without the addition of 200 pg/ml bovine transferrin, normalised to ALD
signal. ALD — aldolase 3'UTR, ESAG6 — ESAG6 3’UTR. Error bars are SEM for triplicate measurements,
NS = p > 0.05.
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