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11  Abstract

12 Telomerase, particularly its main subunit, the reverse transcriptase, TERT, prevents DNA
13  erosion during eukaryotic chromosomal replication, but also has poorly understood non-
14 canonical functions. Here, in the model social amoeba Dictyostelium discoideum, we show
15 that the protein encoded by tert has telomerase-like motifs and regulates, non-canonically,
16  important developmental processes. Expression levels of wild-type (WT) tert were biphasic,
17  peaking at 8 and 12 h post-starvation, aligning with developmental events, such as the
18 initiation of streaming (~7 h) and mound formation (~10 h). In tert KO mutants, however,
19  aggregation was delayed until 16 h. Large, irregular streams formed, then broke up, leading
20  to small mounds. The mound-size defect was not induced when a KO mutant of countin (a
21  master size-regulating gene) was treated with TERT inhibitors but anti-countin antibodies did
22 rescue size in the tert KO. Further, conditioned medium from countin mutants failed to

23 rescue size in the tert KO, but the converse experiment worked. These and additional
1
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24  observations indicate that TERT acts upstream of smlA/countin to regulate tissue size: (i) the
25  observed expression levels of smlA and countin, being respectively lower and higher (than
26 WT) in the tert KO; (ii) the levels of known size-regulation intermediates, glucose (low) and
27  adenosine (high), in the tert mutant, and the size defect’s rescue by supplementing glucose or
28  the adenosine-inhibitor, caffeine; (iii) the induction of the size defect in the WT by tert KO
29  conditioned medium and TERT inhibitors. The tert KO’s other defects (delayed aggregation,
30 irregular streaming) were associated with changes to cAMP-regulated processes (e.g.
31  chemotaxis, CAMP pulsing) and their regulatory factors (e.g. CAMP; acaA, carA expression).
32 Overexpression of WT tert in the tert KO rescued these defects (and size), and restored a
33  single cAMP signalling centre. Our results indicate that TERT acts in novel, non-canonical

34 and upstream ways, regulating key developmental events in Dictyostelium

35
36 Author summary

37  When cells divide, their chromosomes are prone to shrinkage. This risk is reduced by an
38 enzyme that repairs protective caps on each chromosome after cell division. This enzyme,
39 telomerase, also has several other important but unrelated roles in human health. Most
40 importantly, via one or other of its functions, both high and low levels of the enzyme can
41  contribute to cancer. We have studied, for the first time, the roles played by telomerase in the
42  life-cycle of the cellular slime mould, Dictyostelium discoideum, a model system with a rich
43  history of helping us understand human biology. While we did not find any evidence of
44  telomerase having the features typically needed to repair a chromosome, telomerase was
45  necessary for many aspects of development. In forming the fruiting bodies that help
46  Dictyostelium reproduce, a mutant that lacks telomerase miscalculates how big those bodies

47  should be, and they end up being too small. Also, earlier, during an earlier stage, aggregation,
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48  the migration of cells that form each fruiting body is delayed and irregular. These results are

49  significant because they show, for the first time, that a telomerase can influence cell

50  migration and tissue size regulation, two processes involved in a wide range of cancers.

51

52 Introduction

53  Each time a chromosome replicates, it loses some DNA from each of its ends. This is not
54  necessarily problematic, because the chromosome is initially capped at each end by a
55  sacrificial strand of non-coding DNA, a telomere [1-3]. Further instances of replication,
56  however, can expose the coding DNA, unless the cell can keep repairing the shortened
57  telomeres, by the action of the enzyme complex, telomerase. Accordingly, telomerase, whose
58  main subunits comprise a reverse transcriptase (TERT), and the telomerase RNA component
59  (TERC) [4], has much significance in the biology and pathology of multicellular organisms.
60  As somatic tissues age, for example, telomerase is downregulated, and the resulting telomeric
61  dysfunction can lead to chromosomal instability and various pathologies, including disrupted
62  pregnancies and cancer [5-7]. In other cases, the upregulation of telomerase is also associated
63  with, and a biomarker of, some cancers, because it allows the unchecked proliferation of
64  immortalised tumour cells [6, 8]. Telomerase also has many non-canonical roles, in which
65 telomere maintenance, or even telomerase activity, is not required [9, 10]. For example,
66 telomerase is known to have non-canonical roles in neuronal differentiation [11], RNA

67  silencing [12], enhanced mitochondrial function [13] and various cancers [9, 14].

68  Our understanding of telomeres and telomerase began, and has continued to develop, through
69 the study of model organisms such as Drosophila, Zea mays, Tetrahymena, yeast and mice

70 [2, 3, 15-19]. One model system in which the possible roles of telomerase have not yet been
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71  addressed is Dictyostelium discoideum. This system has proved its usefulness in many
72 contexts, including the study of human diseases [20-24]. One of its advantages is that the
73  processes of cell division (i.e. growth) and development are uncoupled [25], making the
74 organism a highly tractable system for the study, in particular, of differentiation and tissue
75  size regulation [26-33]. In culture, when its bacterial food source is abundant, D. discoideum
76  multiplies as single-celled amoebae. This leads to denser colonies, and exhaustion of the food
77  supply. The rising concentration of a secreted glycoprotein, CMF, triggers the organism to
78  switch to a multicellular mode of development [32, 34]. With no resources for further cell
79  proliferation, the amoebae move, in a radial pattern of streams, towards centres of
80  aggregation. Rising levels of secreted proteins, of the counting factor (CF) complex [35, 36],
81  trigger a series of changes that lead to breaking up of the streams, which therefore no longer
82  contribute cells to the original aggregate. Each aggregate, which will typically contain 20,
83 000 to 100,000 cells [37], now rounds up into a mound, which then proceeds through several
84  life-cycle stages, finally forming a spore-dispersing fruiting body about 1-2mm high [32, 38].
85  Mounds can also develop from the breaking-up of a large stream (or aggregate), a process
86  similarly regulated by CF [27, 39]. The generic term, ‘group’, can be used to address the fact
87  that mounds develop from clusters that arise in these slightly different ways, but in this paper
88  we will refer to ‘mounds’. Some of the processes and regulators involved in our very
89  abbreviated account of the life-cycle are shown in Fig 1, which focuses on those elements

90 examined in this study.

91  In addition to being uncoupled from growth, development in D. discoideum has other features
92  that make it potentially useful as a model system for the understanding of telomerase-based
93  pathologies, in particular cancers that arise from disruption of non-canonical functions. First,
94  as indicated in Fig 1, development in D. discoideum depends on properly regulated cell
95  motility and cell adhesion, two processes fundamental to metastasis. Second, the switch to

4
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96  multicellular development, and the control of aggregate, mound and hence fruiting body size
97 are influenced by various secreted factors that, respectively, promote aggregation and
98  regulate tissue size, in ways analogous to the regulation of tumour size by chalones [40, 41].
99  Third, a putative TERT has been annotated in the D. discoideum genome. It is not known if
100 the RNA component of telomerase (TERC) is present [42] and, in any case,
101  extrachromosomal rDNA elements at the ends of each chromosome in D. discoideum suggest
102  a novel telomere structure [43]. Thus, telomerase in this organism may have a separate
103  mechanism for telomere addition or might have non-canonical roles. As yet, however, there

104  have been no functional studies of TERT reported for D. discoideum.

105 In this study, we characterize the gene tert in D. discoideum, showing that it has both RT and
106  RNA binding domains. We describe the pattern of tert’s expression levels during all stages of
107  development, assay for any canonical telomerase function, and examine the effects of
108  knocking out the gene’s function on development. The tert mutant exhibits a wide range of
109  developmental defects, suggesting that wild-type TERT targets multiple elements of the
110  regulatory network depicted in Fig 1. Most interestingly, these defects, and the results of
111  experiments by which we attempt to rescue, or phenocopy, the tert KO phenotype, suggest
112 that this telomerase influences the activity of smlA, and processes downstream of it. Tert thus
113  emerges as the most upstream gene involved in the cell-counting pathway identified to date,
114  and its overall influence indicates that, despite having no obvious canonical activity, a

115 telomerase can nevertheless play major regulatory roles by virtue of its non-canonical targets.

116

117 Resultsand discussion

118 D. discoideum expr esses tert, a gene encoding a protein with telomer ase motifs
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119  Extending previous predictions of tert encoding a protein with telomerase motifs [44], our
120  use of the Simple Modular Architecture Research Tool (http://SMART.embl-heidelberg.de)
121 and UniProt (Q54B44) revealed the presence of a highly conserved reverse transcriptase
122 domain and a telomerase RNA binding domain (S1 Fig). These are characteristic of a
123  telomerase reverse transcriptase [45], supporting the idea that the gene we characterize below
124  indeed encodes for TERT. The protein shares 23% and 18.7% identity with human and yeast

125  TERT protein respectively (Pairwise sequence Alignment-Emboss Needle).

126  Telomerase activity, if any, is ascertained by performing a Telomeric Repeat Amplification
127  Protocol (TRAP) assay. However, while human cell lines (HeLa, HEK) showed telomerase
128  activity, we did not detect any telomerase activity in D. discoideum cell extracts (S2 Fig).
129  This concurs with previous findings, namely that the telomeres of D. discoideum have a
130  novel structure [46], and that, in other organisms, TERT has several non-canonical roles [11-

131 13].

132

133  Constitutive expression of telomerase during growth and development in D. discoideum

134 In humans, telomerase expression is reported to be low in somatic cells compared to germline
135 and tumour cells [47]. To ascertain if tert expression is differentially regulated during growth
136  and/or development, we performed qRT-PCR using RNA from different developmental
137  stages (0, 4, 8, 10, 12, 16 and 24 h after starvation). Tert expression is higher in development
138  than during growth, (8h and 12 h) (Fig 2), implying that tert plays a prominent role beyond
139  the point at which D. discoideum s responding to starvation. Expression also shows a marked
140  biphasic pattern, with the first peak at 8h (when streams are forming), a big dip during stream
141 breaking (10h) and then rising gradually again to peak at about the time of mound formation

142 (16h).
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143

144  tert KO leads to delayed development, irregular streaming, and smaller mounds and

145  fruiting bodies

146  To understand the possible non-canonical roles of tert in development in D. discoideum, tert
147 KO cells generated by homologous recombination were seeded at a density of 5x10°
148  cells/cm? on non-nutrient buffered agar plates and monitored throughout development. While
149  aggregates appeared by 8 h in the wild-type, and streams began to break at 10 h, in the
150 mutants there was a further 8 h delay before aggregates were seen, and stream breaking
151  began at about 18 h. Wild-type cells formed long streams of polarized, elongated cells
152  leading to aggregation but tert KO cells did not form well-defined streams, failing to
153  aggregate even at 5x10* cells/cm? (wild-type cells aggregated at a density of 2x10* cells/cm?),
154  suggesting an inability to respond to aggregation-triggering conditions (S3 Fig). The mutant’s
155  streams were also larger (Fig 3A). In contrast to streams moving continuously towards the
156  aggregation centre in WT, tert KO streams break while they aggregate (Supplementary
157  Videos 1 and 2). They did eventually form aggregates, largely by clumping. During the early
158  stages of aggregate formation, the number of aggregates formed by the tert KO was only
159  10% of that formed by WT (Fig 3B, p<0.0001). Due to uneven fragmentation, the late
160  aggregates were also of mixed sizes. The tert KO cells did eventually form all of the typical
161  developmental structures, but by the mound stage, continued fragmentation had resulted in
162  the mounds being more numerous, and smaller, on average, than in the WT. This was also the
163  case for fruiting bodies. Thus, with reference to Fig 1, tert appears to play roles in multiple
164  aspects of Dictyostelium development: the timing of aggregation; streaming, and the

165  regulation of the size of the mound and fruiting body (Table 1).
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Table 1a. Phenotypic differences between wild-type and tert KO development of D.

discoideum, and some possible causal factors (Part 1 of 2)

iming of dela Sreaming | Mound (and Mound-size regulation pathway
to ag;egationy and frUiting smlA Countin
Aggregation body) size expression expresson Glucose levels
levels levels
\é\e/”g'type Normal Normal Normal Normal Normal Normal
Fragmented,
tert KO cells | Delayed (by 8h) uneven Small Low High* Low*
aggregates

Green shading indicates normal (wild-type) levels, or activity. Red shading indicates abnormally high
or low levels. *Asterisks refer to atypical processes (or levels) in the tert KO cells for which rescue
attempts were made (see Table 2).

Table 1b. Phenotypic differences between wild-type and tert KO development of D.

discoideum, and some possible causal factors (Part 2 of 2)

. . ) Delay-
. . Adhesion-related factors (in streaming 2
cAMP-related factors (streaming & delay regulation) and mound-size regulation) specfl!c
regulation
Levels of
CAMP-related ! CsaA,
genes: Adeposme’ CAMP cAMP CAMP- cadA Cdl-cal Cell- Poly-
acaA, carA SNT centres levels based expression | adhesion substratum | phosphate
- y Level chemotaxis = adhesion levels
5'NT, posA, evels levels
regA, pde4
Wild-
type Normal Normal One Normal Normal Normal Normal Normal Normal
cells
tert High/high
Low at 4h-10h; during -
(I;ﬂs High by 12h | stream break: Many* Low Abnormal Low Low Low Low
low after. *

Green shading indicates normal (wild-type) levels, or activity. Red shading indicates abnormally high
or low levels. *Asterisks refer to atypical processes (or levels) in the tert KO cells for which rescue

attempts were made (see Table 2).

Many processes and regulators are potentially involved in the phenotypic changes of the

tert KO

Given the wide-ranging phenotypic defects seen in the tert KO, it seemed likely that tert is a

master regulator, affecting many of the processes and regulators depicted in Fig 1. We thus
8
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181  monitored the activity or levels of a number of those elements, comparing the wild-type and
182 tert KO (summarised in Table 1). As that summary shows, the tert KO showed significant
183  changes from the wild-type in three broad areas: components of the mound-size regulation
184  pathway; cAMP-related processes/regulators; adhesion-related processes/regulators. As is
185  clear from Fig 1, the factors that influence these features overlap considerably, both in terms
186  of interacting with each other, and in regulating more than one of the various developmental
187  stages disrupted in the tert KO. Nevertheless, we think it is useful to consider each of them in
188  turn. As we do so below, we describe a series of experiments that largely fall into two broad
189  categories, as shown in summary form in Tables 2 and 3: Those that attempt to rescue the
190  normal phenotype in tert KO cells (Table 2); and those that attempt to phenocopy, or induce,
191  the tert KO phenotype in wild-type cells (Table 3). First, however, we describe some

192  experiments that support the direct involvement of tert in the effects already noted.

193  Table2. Attemptsto rescue normal phenotype (or aggravate’ the KO phenotype) in D.
194  discoideumtert KO cells

Timing of dgelay to Streammg'and Mound and fruiting body size
aggregation Aqggregation
Overexpression of WT Rescue Rescue Rescue
tert
Overexpression of No Rescue No Rescue No Rescue
human tert
- 0,
WT cells (10-50% of Full rescue at 50% No Rescue No Rescue
total cells)
WT _Condltloned No Rescue No Rescue No Rescue
Medium
Anti-countin or anti-
CF50 antibodies No Rescue Part Rescue Part Rescue
Anti-CF45 antibodies No Rescue No Rescue No Rescue
Countin KO
Conditioned Medium No Rescue No Rescue No Rescue
1mM glucose No Rescue Rescue Rescue
Caffeine No Rescue Rescue Rescue
CcAMP pulsing No Rescue No Rescue No Rescue
8-Br-cAMP No Rescue No Rescue No Rescue
An@l-AprA, anti-CfaD No Rescue No Rescue No Rescue
antibodies
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tert KO Conditioned
Medium *

No aggravation

(i.e. 8h delay typical of
tert KO)

Aggravation

Aggravation

Green shading indicates full or partial rescue of normal (wild-type) levels or activity by a treatment

applied to tert KO cells. Red shading indicates no rescue. The final row refers to an attempt to

exacerbate the KO phenocopy.

Table 3. Attempts to phenocopy thetert KO phenotype in wild-type Dictyostelium cells

tert KO Conditioned
Medium

Timing of delay to
aggregation
Phenocopies tert KO
(but delay is only 2h)

Streaming and
Aggregation

Phenocopies tert KO

Mound and fruiting body
Size

Phenocopies tert KO

tert KO cells (90-50%) Normal Phenocopies tert KO Phenocopies tert KO
200uM iron Normal Phenocopies tert KO Phenocopies tert KO
BIBR 1532 Normal Phenocopies tert KO Phenocopies tert KO
MST 312 Normal Phenocopies tert KO Phenocopies tert KO
tert KO Conditioned
Medium added to WT

Normal Normal Normal

cells of other
Dictyostelids

Red shading indicates full or partial phenocopying of the tert KO phenotype by a treatment applied to

wild-type cells. Green shading indicates that no phenocopying occurred.

Support for the involvement of tert itself in thetert KO

To support the idea that the changes observed in the tert KO are, in the first instance, due to
changes involving tert itself, and not some other factor, we took two approaches:
Overexpression of tert, and the use of TERT inhibitors. Most importantly, overexpression of
wild-type TERT (act15/gfp::tert) in tert KO cells rescued all three of the phenotypic defects
(Fig 4A, Supplementary Video 3; Table 2), suggesting that the tert KO phenotype is not due
to any other mutation. Next, we treated wild-type cells with structurally unrelated TERT

specific inhibitors, BIBR 1532 (100nM) and MST 312 (250nM). BIBR 1532 is a mixed-type

10
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211  non-competitive inhibitor, whereas MST 312 is a reversible inhibitor of telomerase activity
212  (see Methods). Both inhibitors strikingly phenocopied two features of the tert mutant, in that
213 we observed large early aggregate streams that broke and eventually resulted in mounds (Fig
214  4B; Table 3) and fruiting bodies that were small. The developmental delay, however, was not
215  induced. Human TERT [48], which shares a 23% homology with Dictyostelium TERT, failed
216  to rescue tert KO phenotype. Surprisingly, the morphologies of TERT overexpressing lines in
217  the wild-type did not show any significant variation compared to those of the untreated wild-

218  type (Fig 4A).

219  Overall, these results strongly support the idea that the relevant change in the tert KO involve
220 tertitself. The fact that the TERT inhibitors induced only two of the three tert KO defects is
221 interesting. Given the lack of any apparent interconnection between the pathway that
222  regulates the switch to aggregation, and that regulating mound size, it seems likely that TERT
223  acts on more than one molecular target. It could be that the inhibitors do not perturb that part

224 of TERT that interacts with the target that regulates the switch to development.

225

226  Roles of components of the mound size regulation pathway in the tert KO: smlA, CF,

227  countin and glucose

228 smlA and countin

229  Compared to the wild-type, in the tert KO cells, smlA and countin expression levels were,
230  respectively, low and high (Figs 5A and 5B; Table 1). Also, Western blots performed with
231 anti-countin antibodies showed higher countin expression in tert KO cells, compared to wild-
232 type (Fig 5C). When tert was overexpressed in the tert KO background, both countin and
233 smlA expression levels were returned to those of the wild-type (Figs 5A and 5B). This

234 overexpression also rescued all the defects of the tert KO phenotype (Fig 4A; Table 2). Given
11
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235  the previously proposed regulatory relationship between smlA and countin (Fig 1; [26, 28,
236  30]), the most parsimonious explanation for the majority of the results reported so far in this
237  study, is that one role of tert in D. discoideum is to promote the expression of smlA, thus
238 indirectly inhibiting countin expression, thus reducing glucose levels and mound/fruiting
239  Dbody size. This would make tert the most upstream regulator of these structures reported to

240 date.

241  The likelihood of some involvement of CF itself was supported by the effects of antibodies
242  that target its components. When tert KO cells were treated with anti-countin or anti-CF50
243  antibodies (1:300 dilution), there was a reduction in aggregate fragmentation resulting in
244 larger mounds compared to untreated tert KO controls (Fig 5D; Table 2); the development
245  delay was not rescued. Adding anti-CF45 antibodies did not rescue any of the defects (Fig

246  5D; Table 2).

247  Indirect evidence that tert is acting upstream of CF was seen in the lack of effect of adding
248 BIBR 1532 to countin KO cells, which typically exhibit no stream breaking and large
249  mounds [28]. While, as noted above, BIBR 1532 leads to stream breaking and small mounds
250 in wild-type cells, it did not lead to any change in the usual phenotype of countin KO cells

251  (e.g. Fig 6A), which argues against tert acting downstream of countin.

252  Beyond the observations already noted, a range of other observations support the idea that
253 some of the tert KO’s features are due to the increased activity of a secreted mound-size
254  regulating factor, such as countin. Conditioned medium (CM) from tert KO cells induced
255  stream breaking in the wild-type (Fig 6B; Table 3) and led to reduced mound size. Also,
256 adding tert KO CM to the tert KO itself aggravated the fragmentation phenotype (Fig 6B;
257 Table 2). Tert KO CM was even capable of inducing stream fragmentation (Fig 6A), and

258  reducing mound size, in countin mutants, suggesting that the CF levels of the tert KO CM

12
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259  were high. In each of these three cases, the tert KO CM not only affected streaming and
260  mound size, but also induced, or aggravated, a development delay (Figs 6A and 6B; Tables 2
261  and 3). This suggests that the unknown TERT-induced factor that affects the developmental

262  switch is also secreted.

263  Further, the presence of tert KO cells, even at very low concentrations (10%), was able to
264  partially induce the tert KO phenotype when added to a population of wild-type cells and
265  plated at an overall density of 5x10° cells/cm? (Fig 6C; Table 3). The apparent potency of the
266  presumed high CF levels produced by the tert KO cells might partly explain one otherwise
267  unexpected observation: Adding wild-type CM to tert KO cells did not rescue any of their
268  defects (Fig 6B; Table 2). While the wild-type CM in this case would be expected to act as a
269  diluent of CF (and thus potentially rescue the tert KO), this effect would only be brief.
270  Development occurs over many hours, during which time the tert KO conditions could allow
271  the build-up of CF back to mound-size-limiting levels. Similar reasoning might also explain
272  why CM from countin KO cells (which exhibit undelayed aggregation and normal streaming)

273  did not rescue any of the defects of tert KO cells (Fig 6A; Table 2).

274  We also observed if tert KO CM affected the wild-type cells of other Dictyostelids, such as
275 D. minutum, D. purpureum, D. fasciculatum and Polysphondylium pallidum (each
276  representing a distinct group in the Dictyostelid taxonomy). CM of tert KO did not affect the
277  mound size of any of the species tested (Fig 7; Table 3) suggesting that some of the factors

278  regulating mound size may be species specific.
279
280  Glucose rescued streaming and mound size defects, but not the delay

281  As per the model shown in Fig 1, one of the more downstream effects that should be seen if

282  the tert KO has higher levels of CF, is the lowering of glucose levels. Glucose levels during

13
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283  aggregation were measured and in the tert KO were significantly lower (10.7+£0.6 mg/ml)
284  compared to wild-type (15.5+£0.94 mg/ml) (Fig 8A, p=0.0015). Supplementing 1mM glucose
285  rescued the aggregate streaming (and mound size), defects of the tert KO (Fig 8B), but not, as

286  expected, the delay (Table 2).

287

288  Antibodies against AprA and CfaD did not rescue the tert KO phenotype

289  Previous work has shown that deletion of AprA and CfaD genes, involved in a different cell-
290  density sensing pathway to that involving smlA and countin, leads to changes in mound-size
291  [29], but, here, antibodies against AprA and CfaD did not rescue the KO phenotype (Fig 9),
292  suggesting, again, that impaired mound size determination in the tert KO is largely due to

293  defective CF signal transduction.

294

295 Rolesof cAMP and cAM P-related processes and factorsin thetert KO

296  Given the perturbations seen in the tert KO, one would predict some abnormalities associated
297  with cAMP dynamics [49-54]. The role of CAMP in streaming, in particular, has been much
298  studied. Below we examine how various CAMP processes or factors, related to streaming and

299  developmental delay, were affected in the tert KO.

300

301  Multiple cAMP wave generating centres observed in the tert KO

302  Starving cells normally aggregate by periodic synthesis and relay of cCAMP, resulting in the
303  outward propagation of cCAMP waves from the aggregation centres [55]. We visualized
304 cAMP waves by recording the time-lapse of development and then subtracting the image

305  pairs [56]. Coordinated changes in cell shape and movement of CAMP waves can indirectly
14
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306  be visualized by dark field optics because of the differences in the optical density of cells
307  moving/not moving in response to cCAMP. Compared to the wild-type, which had a single
308 wave generating centre, the tert KO had multiple wave propagating centres (Fig 10,
309  Supplementary Videos 4 and 5). When the tert KO was rescued by overexpression of wild-
310 type tert, so was the single wave propagating centre. The optical wave density analysis
311  suggests that CAMP wave propagation is defective in tert KO, also contributing to stream

312  breaking.

313

314 cAMP-related gene expression, CAMP levels, chemotaxis and relay were also impaired in

315 thetert KO

316  Both the switch to aggregation, and normal streaming, require that a great variety of other
317 cAMP-related processes occur properly. We quantified the relative expression of genes
318 involved in cAMP synthesis and signaling in wild-type and tert KO cells by qRT-PCR during
319  streaming as well as breaking (Figs 12A and 12B). With respect to the switch to aggregation,
320 the expression levels of acaA (CAMP synthesis), carA (CAMP receptor), 5NT (5’
321 nucleotidase), pdsA (cAMP phosphodiesterases), regA and pded were low initially but most
322 started to ‘recover’ closer to the time that the tert KO manages to overcome its
323  developmental delay (Figs 11A-F). Another, perhaps more meaningful, approach is to
324  compare the levels in the mutant and wild-type when they are at equivalent developmental
325  stages. This was done at two stages (aggregation, stream breaking) for four of the cCAMP
326  genes (acaA, carA, pdsA, pded). During aggregation (i.e. at 8 h in the wild-type; 16 h in the
327  tert KO), acaA and carA expression levels were significantly lower in the mutant, and the
328  other two genes trended lower (Fig 12A). During stream breaking (10 h; 18 h, respectively),

329  only acaA was significantly lower.
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330  Correspondingly, at 8 h of development, CAMP levels were also lower in the tert KO
331 (0.98+0.08 nM in the KO; 1.59+0.15 nM in wild-type; Fig 12C, p=0.005). By 12 h, however,
332  as the tert KO cells are closer to the time when their streaming will begin (i.e. 16 h) both
333 cAMP-related gene expression, and CAMP levels increase, implying that the initially down-
334  regulated expression of cAMP signaling might explain the long-delayed switch to
335  aggregation in the tert KO. As to how cAMP-related genes or processes do recover in the
336  absence of TERT, there are no indications in our results, but regulatory networks are well-

337  known to exhibit a degree of robustness [57, 58].

338  As noted, CAMP-related gene expression levels of the tert KO lag behind that of the wild-
339  type, and even though they increase as the mutant enters a similar developmental phase, the
340 cAMP levels never catch up completely. When cAMP levels were quantified during
341  aggregation and stream breaking using an ELISA-based competitive immunoassay, the
342 cAMP levels in the wild-type and tert KO were 1.59+0.15 nM and 1.48+0.25 nM,
343  respectively, during aggregation (Fig 12D, p=0.73); and 1.05+£0.11 nM and 0.74+0.70 nM
344  during stream breaking (Fig 12E, p=0.04). Thus, these lower absolute levels of cCAMP in the
345  tert KO may also contribute to abnormal stream breaking, with the amoebae unable to relay

346  signals to their neighbours.

347  To test whether cAMP-based chemotaxis was normal, we performed an under-agarose
348  chemotaxis assay, towards 10 pM cAMP. The trajectories of cells were tracked and their
349  chemotaxis parameters were quantified. Although the speed of cells towards cAMP was
350  higher in tert KO (16.01+1.39 um/min) compared to the wild-type (12.74+0.43 um/min), the
351 directionality was significantly reduced in tert KO cells (0.37£0.03 compared 0.59+0.04).
352  The chemotactic index of tert KO cells also was lower (0.63+0.05) compared to wild-type

353  cells (0.82+0.06) (Figs 13A-C).
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354
355  The chemotaxis defect of the tert KO was not rescued by CAMP pulsing or 8-Br-cAMP

356  To gain further insights into the streaming defect of the tert KO cells, we examined if CAMP
357  pulsing could rescue the chemotaxis defect [59, 60]. cCAMP (50nM) pulsing was carried out
358  every 6 minutes for 4 hours and thereafter, the cells were seeded in the starvation buffer at a
359  density of 5x10° cells/cm? and different developmental stages were monitored (Fig 14A). The
360 streaming defect of tert KO was not rescued by cAMP pulsing, suggesting that other

361  components of cCAMP signaling are necessary to rescue the defect.

362  If cAMP receptor activity is compromised, that could also lead to defective signaling and to
363  test this, we used a membrane-permeable cCAMP analog 8-Br-cAMP, which has poor affinity
364  for extracellular cAMP receptors and enters the cells directly [61]. Cells were incubated with
365 5mM 8-Br-cAMP and after 5 h, the cells were transferred to Bonners Salt Solution and
366  different developmental stages were monitored (Fig 14B). Adding 8-Br-cAMP did not rescue

367  the tert KO phenotype, suggesting that cAMP receptor function is not impaired in the mutant.
368
369 High adenosinelevelsin thetert KO induced large aggregation streams

370  As mentioned previously, adenosine and caffeine are known to alter the CAMP relay [62, 63],
371 thereby affecting aggregate size. This occurs in a number of Dictyostelids [33]. We observed
372  enhanced expression of 5'NT in the tert KO (Fig 15A, p=0.0042) suggesting increased
373 adenosine levels (5’NT converts AMP to adenosine). Hence, adenosine levels were
374  quantified and these were significantly higher (235.37+26.44 nM/10° cells) in tert KO cells
375 compared to wild-type (35.39+12.78 nM/10° cells) (Fig 15B, p=0.0051). The adenosine
376  antagonist, caffeine (1 mM), rescued the streaming defect (Fig 15C), and restored the mound

377  size, suggesting that excess adenosine in the tert KO causes larger streams. It did not,
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378  however, rescue the developmental delay. Since glucose also rescues the streaming defect in
379  tert KO cells, adenosine levels were quantified subsequent to treating with 1mM glucose.
380  Glucose treatment reduced adenosine levels (13.07+7.51 nM/10° cells) in tert KO cells to a
381 level that is more comparable to wild-type cells (35.39+12.78 nM/10° cells), but as already
382  noted, it did not rescue the developmental delay. Importantly, 5’ NT expression and adenosine
383  levels reduced significantly subsequent to stream breaking (S4 Fig). This could perhaps be
384  due to negative feedback on tert itself. When wild-type cells were treated with 2mM

385  adenosine, tert expression levels were reduced, although not significantly so (S5 Fig).
386
387  Streaming defects of thetert KO were not dueto increased iron levels

388  Dictyostelium cells, when grown in the presence of 200uM iron, formed large streams that
389  fragmented into multiple mounds, strikingly resembling the tert KO phenotype [64]. As the
390 phenotypes had similarities, we examined if TERT mediates its effect by altering intracellular
391 iron levels. We quantified iron by ICP-MS and the levels were not significantly different
392  between the wild-type (16.38+1.21 ng/10 cells) and tert KO cells (15.25+0.81 ng/10” cells)

393  (S6 Fig, p=0.4573), suggesting that tert KO phenotype is not due to altered iron levels.
394

395 Therole of adhesion-related factorsin thetert KO, as they affect streaming and mound

396 dze

397  Cell-substratum adhesion is also important for migration and proper streaming. By spinning
398 cells at different speeds (0, 25, 50 and 75 rpm), it is possible to vary substratum dependent
399  sheer force. Thus, by counting the fraction of floating cells at different speeds, it is possible
400 to check substratum dependent adhesion. Although both wild-type and tert KO cells

401 exhibited a sheer for