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24 Abstract 

25 In higher eukaryotes enhancer-promoter interactions are known to be restricted by the 

26 chromatin insulators/boundaries that delimit topologically associated domains (TADs); 

27 however, there are instances in which enhancer-promoter interactions span one or more 

28 boundary elements/TADs. At present, the mechanisms that enable cross-TAD regulatory 

29 interaction are not known. In the studies reported here we have taken advantage of the well 

30 characterized Drosophila Bithorax complex (BX-C) to study one potential mechanism for 

31 controlling boundary function and TAD organization. The regulatory domains of BX-C are 

32 flanked by boundaries which function to block crosstalk with their neighboring domains and 

33 also to support long distance interactions between the regulatory domains and their target 

34 gene. As many lncRNAs have been found in BX-C, we asked whether transcriptional 

35 readthrough can impact boundary function. For this purpose, we took advantage of two BX-C 

36 boundary replacement platforms, Fab-7attP50 and F2attP, in which the Fab-7 and Fub 

37 boundaries, respectively, are deleted and replaced with an attP site. We introduced boundary 

38 elements, promoters and polyadenylation signals arranged in different combinations and then 

39 assayed for boundary function. Our results show that transcriptional readthrough can interfere 

40 with boundary activity. Since lncRNAs represent a significant fraction of Pol II transcripts in 

41 multicellular eukaryotes, it is possible that many of them may function in the regulation of 

42 TAD organization.
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44

45 Author Summary 

46 Recent studies have shown that much genome in higher eukaryotes is transcribed into non-

47 protein coding lncRNAs. It is though that lncRNAs may preform important regulatory 

48 functions, including the formation of protein complexes, organization of functional 

49 interactions between enhancers and promoters and the maintenance of open chromatin. Here 

50 we examined how transcription from promoters inserted into the Drosophila Bithorax 

51 complex can impact the boundaries that are responsible for establishing independent 

52 regulatory domains. Surprisingly, we found that even a relatively low level of transcriptional 

53 readthrough can impair boundary function. Transcription also affects the activity of 

54 enhancers located in BX-C regulatory domains. Taken together, our results raise the 

55 possibility that transcriptional readthrough may be a widely used mechanism to alter 

56 chromosome structure and regulate gene expression.

57
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59 Introduction 

60 The chromosomes of multicellular animals are organized into a series of looped 

61 domains called TADs (topologically associated domains) [1–4]. While a variety of elements 

62 contribute to folding the chromatin fiber (e.g., the tethering elements that help link enhancers 

63 to promoters [5], this 3-dimensional organization depends, in part, on special elements called 

64 boundaries or insulators [1,6,7]. Although boundary elements have now been identified in 

65 many different species, they have been most thoroughly characterized in Drosophila [1,7,8]. 

66 Fly boundaries are 150 bp to 1.5 kb in length and span one or more nucleosome free nuclease 

67 hypersensitive regions that are formed by different combinations of chromosomal 

68 architectural proteins including Drosophila CTCF (dCTCF) [9,10].

69 Functional studies using transgene assays indicate that in addition to subdividing the 

70 chromosome into a series of looped domains, fly boundary elements have genetic functions 

71 [7,11,12]. When placed between an enhancer or silencer and a reporter, they prevent 

72 regulatory interactions. When a reporter is bracketed by boundary elements, they protect 

73 against chromosomal position effects. With some exceptions, boundary function in these 

74 assays is “constitutive” –i.e., it is observed throughout development and is independent of 

75 cell type. The likely reasons for this constitutive activity is that most of the fly architectural 

76 proteins are ubiquitously expressed [8] and that different combinations of these proteins are 

77 deployed to generate the activity of individual boundaries [13,14].

78 Since multiple functionally redundant architectural proteins contribute to the 

79 functions of individual fly boundaries in flies, it seems unlikely that TADs will undergo 

80 genome-wide reorganization during cellular differentiation as this would require a change in 

81 the patterns of expression of multiple chromosomal proteins. Rather, one might expect that 

82 TAD organization would be subject to local alterations by modulating the insulating 

83 functions of specific boundary elements. In the studies reported here we have used the 
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84 Drosophila bithorax complex (BX-C) to identify mechanisms for modulating local boundary 

85 function. 

86 BX-C is responsible for specifying the nine posterior-most parasegments (PS5-PS14 

87 in embryo) (segments T3-A9 in adults) of fly [15–18]. As there are three homeotic genes in 

88 BX-C: Ultrabithorax (Ubx), abdominal-A (abd-A) and Abdominal-B (Abd-B) (Fig. 1A) 

89 parasegment (segment) specification depends up modulating their expression in patterns 

90 appropriate for the proper differentiation of each parasegment. This is accomplished by 

91 subdividing the complex into nine cis-regulatory domains. Each domain has tissue and stage 

92 specific enhancers responsible for directing a unique parasegment specific pattern of 

93 expression of one of the homeotic genes [16,19–23]. Ubx is responsible for specifying 

94 PS5(T3) and PS6 (A1) and its expression in these two parasegments is controlled by the 

95 bx/abx and bxd/pbx regulatory domains respectively. The infra-abdominal (iab) domains 

96 regulate the transcription of abd-A and Abd-B. The abd-A gene is controlled by iab-2, iab-3, 

97 and iab-4 in PS7 (A2), PS8 (A3), and PS9 (A4), respectively. Four domains, iab-5, iab-6, 

98 iab-7, and iab-8,9, regulate Abd-B expression in PS10 (A5), PS11 (A6), PS12 (A7), and 

99 PS13,14 (A8 (♀), A9 (♂)), respectively (Fig. 1A). The regulatory domains are activated 

100 sequentially in successive parasegments along the anterior-posterior axis [17]. The activity 

101 state, on or off, of the regulatory domains is set early in development by maternal, gap and 

102 pair-rule gene proteins which bind to initiation elements in each domain [24–26]. Once the 

103 activity state is set it is remembered during the remainder of development by mechanisms 

104 that depend upon trithorax and Polycomb group proteins[27–30].

105 Each domain is flanked by boundary elements which function to block crosstalk 

106 between initiation elements in adjacent regulatory domains [26,27,31–36]. For example, the 

107 Fab-7 boundary in the Abd-B region of BX-C separates the iab-6 and iab-7 domains. When 

108 Fab-7 is deleted iab-6 and iab-7 fuse into a single domain and the iab-6 initiation element 
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109 inappropriately activates iab-7 in PS11 (A6) (Fig. 1B). As a result, iab-7 drives Abd-B 

110 expression not only in PS12(A7) but also PS11(A6) transforming PS11(A6) into a copy of 

111 PS12 (A5). Most BX-C boundaries also have a second function, which is boundary “bypass”. 

112 For example, the Abd-B regulatory domains iab-5, iab-6 and iab-7 are separated from their 

113 gene target by one or more boundaries (Fig. 1A). In order for these domains to regulate Abd-

114 B there must be a mechanism that enables the enhancers in each domain to bypass the 

115 intervening boundaries. Recent studies have shown that the Fab-7 and Fab-8 boundaries have 

116 elements that confer bypass activity enabling the domain immediately distal to the boundary 

117 to “jump over” the intervening boundaries and activate Abd-B expression [37–39].

118 In previous studies [40,41], the Fab-7 boundary was replaced with two versions of the 

119 scs insulator from the 87A7 heat shock locus, scs and scsmin [42–44].The larger version, scs, 

120 is a complex insulator containing the Cad87A and CG31211 promoters (Fig. 2A). The smaller 

121 fragment, scsmin, lacks most of the Cad87A promoter [44] (Fig. 2A). Hogga et al. 2002 

122 showed that when the Cad87A promoter in the larger scs replacement is oriented towards iab-

123 6 it disrupts the functioning of the iab-6 and iab-5 regulatory domains inducing a loss-of-

124 function (LOF) phenotype in which the A6 and A5 cuticle had morphological features like 

125 A4 [40]. They suggested that readthrough transcription from the Cad87 promoter inactivates 

126 enhancers in iab-5 and iab-6 required for the development of the adult cuticle. However, a 

127 completely different result was observed when the Cad87 promoter in the scs replacement 

128 was oriented towards iab-7. In this case, a gain-of-function (GOF) phenotype was induced: 

129 A6 was converted into a copy of A7. It was thought that transcription into iab-7 disrupted 

130 Polycomb dependent silencing, but did not impact the activity of the iab-7 tissue/stage 

131 specific enhancers. As these results seemed inconsistent, we decided to reinvestigate the 

132 functioning of both scs and scsmin replacements in Fab-7. In the course of our studies, we 

133 discovered that transcriptional readthrough appears to be general mechanism for turning 
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134 boundary function off, and thus is likely to have an important role in both remodeling TAD 

135 organization and change patterns of gene regulation.

136

137 Results

138 The scsmin insulator can block crosstalk between the iab-5 and iab-6 domains only in 

139 cooperation with the iab-7 PRE

140 In the boundary replacement experiments of Hogga et al [40,41] the scsmin insulator 

141 was introduced into a Fab-7 deletion which removes three of the four nuclease hypersensitive 

142 sites associated with the Fab-7 boundary, HS*, HS1 and H2. This deletion results in an 

143 incomplete GOF transformation of A6 (PS11) into A7 (PS12). When scsmin replaced this 

144 deletion, it blocked crosstalk between the iab-6 and iab-7 initiation elements and rescued the 

145 GOF phenotype of the starting deletion. However, since scsmin does not support boundary 

146 bypass, the A6 segment was transformed towards A5.

147 HS3 was retained in the starting Fab-7 deletion was found to induce Polycomb-

148 dependent silencing and was thought to function as the iab-7 Polycomb Response Element 

149 (iab-7 PRE) [36,45,46]. However, recent studies showed that HS3 has insulating activity [47] 

150 and that this is likely its primary function. In fact, a fully functional Fab-7 boundary can be 

151 generated by combining HS3 with the distal half of HS1 (dHS1) [37,47]. This finding made 

152 us wonder whether scsmin would be able to block crosstalk between iab-6 and iab-7 in the 

153 absence of HS3.

154 To address this question, we used a previously characterized Fab-7attP50 replacement 

155 platform in which the HS*, HS1, HS2 and HS3 are substituted by an attP site [48] (Fig. 2B). 

156 In the starting Fab-7attP50 deletion iab-7 is inappropriately activated in A6(PS11) and this 

157 results in the transformation of A6 into a copy of A7 so that both the A6 and A7 segments are 

158 absent in adult males (Fig. 2С).
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159 To test for scsmin function with and without HS3 we introduced three replacements, 

160 scsmin+HS3, HS3 and scsmin into the Fab-7attP50 platform. Though scsmin+HS3 has a slightly 

161 different sequence composition than the previously described scsmin replacement [41] due to 

162 the use of different replacement platforms, its activity is similar. As shown in Fig. 2C, the 

163 scsmin+HS3 combination rescues the GOF transformation of A6 in adult males and the A6 

164 segment is present. However, because this combination lacks bypass activity, the iab-6 

165 regulatory domain is blocked from regulating Abd-B expression in A6. As a consequence, the 

166 morphology of the A6 segment resembles that in A5. Instead of a banana shape without any 

167 bristles, the sternite has a quadrilateral shape and is covered in bristles and it resembles the 

168 sternite in A5. In wild type (wt) the trichome hairs on the A6 tergite are restricted to the 

169 anterior and ventral margin, while the trichome hairs cover most all of the A5 tergite (Fig. 

170 2С). As can be seen in the darkfield image, the A6 tergite in scsmin+HS3 males is covered 

171 with trichome hairs just like A5. The same phenotypes were observed in patches of 

172 unpigmented cuticle. These transformations will be considered further below. As was 

173 observed for Fab-7 (class II) deletions that retained HS3 [36], the HS3 replacement alone has 

174 only a limited ability to block crosstalk between iab-6 and iab-7. In HS3 males, the A6 tergite 

175 is greatly reduced in size and the A6 sternite is completely missing [36,47] (Fig. 2С).

176 Like HS3, the scsmin replacement only partially blocks crosstalk between iab-6 and 

177 iab-7 (Fig. 2С). However, it differs from the HS3 replacement in that there are a range of 

178 phenotypes in adult scsmin males. In all scsmin males there is a residual A6 tergite, while the 

179 A6 sternite is absent. The residual tergite has patches of cells with trichome hairs indicating 

180 that in these cells there is a LOF transformation in parasegment/segment identify from 

181 PS11/A6 to PS10/A5. In about 30% of the males, the morphogenesis of A5 is also affected. 

182 As shown in Fig. 2C, there are patches of tissue in the A5 tergite that are not fully pigment. 
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183 This phenotype indicates that the iab-5 regulatory domain is not fully functional in a subset 

184 of scsmin males and we will return to this issue below.

185

186 Transcription induced by the Cad87A promoter in scs can affect the activity of the iab-7 

187 domain

188 The finding that scsmin must be combined with HS3 to efficiently block crosstalk 

189 between iab-6 and iab-7 prompted us to examine the blocking activity of the larger scs 

190 fragment which contains the Cad87A promoter (Fig. 3A). In previous study [40], when scs is 

191 inserted in the reverse orientation (scsR) so that the promoter is directed towards iab-7, males 

192 have a GOF phenotype in which A6 is transformed into A7. We repeated this experiment by 

193 inserting the scsR+HS3 combination into Fab-7attP50 and we observed similr GOF phenotypes 

194 (Fig. 3B). To explain the GOF transformation, it was suggested that transcription from the 

195 Cad87A promoter through iab-7 domain induced the premature activation of iab-7 by 

196 suppressing Polycomb (Pc)-dependent silencing [40]. However, since scsmin cannot 

197 efficiently insulate iab-6 from iab-7 in the absence of HS3, an alternative possibility is that 

198 transcription through HS3 from the Cad87A promoter disrupts the boundary and/or PRE 

199 activity of HS3.

200 To distinguish between these two models, we inserted scs in the reverse orientation in 

201 the Fab-7attP50 platform. Fig. 3B shows that in the absence of HS3, scsR has a completely 

202 different phenotype. Instead of a GOF transformation of A6 into a copy of A7, there is an 

203 LOF transformation in which A7 is transformed towards A6. Unlike wt males, which lack an 

204 A7 segment, scsR males have an A7 tergite and sternite. The tergite is fully pigmented and the 

205 trichome hairs are largely (but not completely) restricted to the anterior and dorsal edges. The 

206 sternite has a banana shape like the sternite in A6; however, it is malformed and has bristles. 

207 These results suggest that transcription initiated from the Cad87A promoter leads to an 
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208 inactivation of the iab-7 enhancers. The phenotypic abnormalities of scsR are not restricted to 

209 A7. The A6 tergite has ectopic patches of trichome hairs, while the A6 sternite has bristles 

210 and is misshapen. While A6 shows evidence of a LOF transformation in portions of the adult 

211 cuticle, the opposite effect is observed in A5. The A5 tergite is partially devoid of trichome 

212 hairs, while A5 sternite has an abnormal banana like shape. 

213

214 Transcription disrupts boundary function

215 Taken together these findings suggest that the GOF transformations observed 

216 previously [40] in the scsR replacement might be due to the transcription induced inactivation 

217 of HS3 boundary activity rather than a transcription induce activation of iab-7 in A6. This 

218 new model makes several predictions which we have tested. First, it should be possible to 

219 rescue the LOF phenotypes in A7 of the scsR replacement by introducing a transcription 

220 termination element, polyadenylation signal (PAS), in between scsR and the iab-7 domain. If 

221 the blocking activity of the scsR element on its own is not too much different from scsmin, then 

222 there should be a GOF transformation of A6 towards A7. This is what we observe in 

223 scsR+PAS males (Fig. 3B). There is a rudimentary A6 tergite with patches of ectopic 

224 trichome hairs, while the A6 sternite is absent. 

225 Second, if transcription from the Cad87 promoter in scs into iab-7 results in a 

226 premature activation of the iab-7 domain we should be able to block this activation by 

227 introducing the PAS element downstream of the scsR+HS3 combination. In this case, the 

228 scsR+HS3 combination would be expected to be functional (just like scsmin+HS3) and block 

229 crosstalk between the iab-6 and iab-7 domains rescuing the GOF transformation of Fab-7attP. 

230 On the other hand, if transcriptional readthrough of HS3 disrupts its ability to complement the 

231 scs element, then we should observe a GOF transformation of A6 toward A7 as was reported 

232 previously [40]. Fig. 3B shows that the later prediction is correct. Like scsR+PAS, male flies 
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233 carrying the scsR+HS3+PAS combination have a GOF transformation of A6 towards A7 (Fig. 

234 3B).

235 To further test the idea that transcriptional readthrough can disrupt boundary function, 

236 we generated a quadripartite replacement, 5’P+scsmin+HS3+PAS, consisting of the P-element 

237 promoter (5’P). As shown in Fig. 3B, inclusion of the P-element promoter disrupts the 

238 boundary activity of scsmin+HS3. While scsmin+HS3 on its own rescues the GOF 

239 transformation of the starting Fab-7attP platform (Fig. 2C), this is not true for 

240 5’P+scsmin+HS3+PAS (Fig. 3B). When the P-element promoter is included in the 

241 replacement, the A6 segment is almost completely absent: the A6 sternite is missing and 

242 there is only a rudimentary A6 tergite.

243

244 Transcription also disrupts the functioning of the iab-6 and iab-5 regulatory domains

245 While the scsmin replacement on its own has only minimal blocking activity, there 

246 were also some variable and unexpected LOF defects in the development of A5 (Fig. 2C). 

247 One plausible explanation for these LOF phenotypes is that transcription from the residual 

248 part of the Cad87A promoter disrupts the functioning of the iab-5 domain as is observed for 

249 iab-7 when scs is inserted in the reverse orientation.

250 To explore this possibility, we inserted scs in the forward orientation. We generated 

251 three different insertions, scs alone, scs plus HS3 (scs+HS3) and scs plus the three major 

252 Fab-7 hypersensitive sites, HS1, HS2 and HS3 (F7HS1+2+3) (Fig. 4A). The scs+HS3 and 

253 scs+F7HS1+2+3 combinations have blocking activity and rescue the GOF transformations 

254 evident in the starting F7attP50 platform. However, in both replacements A6 and A5 have an 

255 A4 like phenotype. This is most clearly seen in the pattern of pigmentation and in the dense 

256 trichome hairs in the A5 and A6 tergite (compare A5 and A6 with A4 in Fig. 4B). Consistent 

257 with the idea that transcriptional readthrough from the Cad87 promoter interferes with the 
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258 functioning of the iab-5 and iab-6 domains. RT-PCR experiments show that there are 

259 elevated levels of transcripts derived from scs in the iab-5 and iab-6 regulatory domains in 

260 the scs+HS3 adult 2-days males compared to the wt 2-days males (Fig. S1).

261 A more complicated phenotype is observed with scs alone (Fig. 4B). As expected, 

262 blocking activity is not complete and A6 shows evidence of GOF transformations. The A6 

263 tergite is reduced in size, while there is only a small patch of sternite tissue. In both cases, the 

264 residual A6 tissue has a phenotype indicative of a transformation towards A4 identity: there 

265 are bristles on the patch of sternite tissue, while the residual tergite is depigmented and has 

266 patches of ectopic trichome hairs. Interestingly a mixed GOF and LOF phenotype is also 

267 observed in A5: both the sternite and tergite are reduced size as expected for a GOF 

268 transformation, while the tergite is depigmented and there are patches of densely packed 

269 trichome hairs. The GOF transformations in the scs replacement resemble those seen when 

270 both Fab-7 and Fab-6 are deleted (see F6attP+F7attP in Fig. 4B); however, unlike scs the 

271 double boundary deletion shows no evidence of LOF transformations of A5 and A6. There is 

272 also evidence of a weak GOF transformation of A4 in the double boundary deletion.

273 These findings indicate that transcription from the Cad87 promoter in scs directed 

274 towards iab-6 and iab-5 disrupts the functioning of these domains. They also raise the 

275 possibility that the variable LOF phenotypes in A5 evident in males carrying the scsmin 

276 replacement might be due a low level of transcription from the truncated Cad87A promoter. 

277 Indeed, in the immediate vicinity of the integration site (attP/attB fusion site), weak but 

278 verified transcripts from the Cad87 promoter are found in scsmin (Fig. S1). scsmin does, 

279 however, differ from scs in that the level of transcripts in scsmin (and scsmin+HS3) in iab-5 and 

280 iab-6 is similar to background (Fig 1S). Since the LOF phenotypes in A5 varied between 

281 individuals and were seen in only about 30% of the scsmin males, one plausible explanation is 

282 that stochastic differences in promoter activity between individuals might account for the 
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283 incomplete penetrance. To test this possibility, we generated a PAS+scsmin replacement (Fig. 

284 4C). Unlike scsmin, the A5 tergite in PAS+scsmin males is fully pigmented in all adult males 

285 which would suggest that transcription from the clipped Cad87 promoter is likely responsible 

286 for the pigmentation defects in A5. However, this does not seem to be true for the trichome 

287 hairs on the tergite as they are still densely packed like those in A4. This finding indicates 

288 that the trichome hair phenotype is likely due to the blocking activity of the scsmin element, 

289 which prevents iab-5 from regulating Abd-B in cells that can give rise to trichome hairs. 

290 To further investigate the effects transcriptional readthrough, we placed HS3 

291 upstream of scsmin in HS3+scsmin. Unlike scsmin+HS3, HS3+scsmin is unable to prevent 

292 crosstalk between iab-6 and iab-7 and A6 is transformed towards A7 (compare scsmin+HS3 

293 with HS3+scsmin in Fig. 4B). However, HS3 is able to complement scsmin when transcriptional 

294 readthrough is blocked by an interposed PAS sequence (HS3+PAS+scsmin, Fig. 4B). Thus, a 

295 low level of transcription from the truncated Cad87A promoter is apparently sufficient to 

296 impact the boundary activity of HS3.

297

298 Readthrough transcription disrupts the functioning of a minimal Fub replacement 

299 boundary

300 We wondered whether transcriptional readthrough would also impact the functioning 

301 of other boundary elements. To investigate this possibility, we chose the BX-C Fub 

302 boundary. Fub marks the border between the Ubx regulatory domain bxd/pbx and the abd-A 

303 gene and its regulatory domain, iab-2 [32]. As illustrated in Fig. 5A, there are two Fub 

304 hypersensitive regions, HS1 and HS2. The larger Fub hypersensitive region HS2 contains 

305 motifs for several known chromosomal architectural proteins. The distal 177 bp HS2 

306 sequence (dHS1) has binding sites for dCTCF and Su(Hw) and we found that it can function 
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307 as an effective boundary [49,50]. The proximal 450 bp HS2 sequence (pHS2, Fig. 4A) 

308 contains binding sites for Pita and Su(Hw).

309 We first tested whether pHS2 is able to function as a boundary when introduced into 

310 the Fab-7attP50 platform. As shown in Fig. 5B, Fub pHS2 rescues the GOF phenotype of the 

311 Fab-7attP50 deletion. Like most other heterologous replacements, pHS2 blocks crosstalk but 

312 does not support bypass: an A6 segment is present in the pHS2 replacement; however, its 

313 morphological features indicate that it has an A5 rather than an A6 identity. While the A5 

314 tergite is fully pigmented, the trichome hairs are densely packed much like the A4 tergite 

315 (consistent with the idea that trichome morphology in A5 is more sensitive to blocking 

316 activity by replacement boundaries than pigmentation).

317 A different result is obtained when the P-element promoter is placed upstream of 

318 pHS2 in the Fab-7 replacement (Fig. 5B). As was observed for the P-element combination 

319 5’P+scsmin+HS3, pHS2 boundary activity is lost in 5’P+pHS2 and the A6 segment is 

320 missing. To test whether this is due to transcriptional readthrough from the P-element 

321 promoter we generated two additional replacement combinations. In the first the PAS element 

322 was placed downstream of the pHS2 boundary to give 5’P+pHS2+PAS, while in the second 

323 the PAS element was placed between the P-element promoter and pHS2 to give 

324 5’P+PAS+pHS2. As would be expected if readthrough disrupts boundary function, there is 

325 only a residual A6 tergite in the 5’P+pHS2+PAS replacement, while this GOF transformation 

326 is rescued when the PAS element is placed between the P-element promoter and pHS2 

327 (5’P+PAS+pHS2) (Fig. 5B).

328

329 Readthrough transcription disrupts pHS2 function in its endogenous context

330 Bender and Fizgerald (2002) generated a series of imprecise hopouts of a P-element 

331 transgene inserted near the distal end of the bxd/pbx regulatory domain close to the sequences 
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332 that were subsequently found to correspond to the Fub boundary [32,51]. These hopout 

333 events induced an anterior to posterior transformation of A1 towards A2 identity. Molecular 

334 characterization of one the hopouts that had a particularly strong phenotype, UabHH1, revealed 

335 that it was a truncated P-element transgene that retained only the P-element promoter and 65 

336 bp of lacZ coding sequence. The P-element transgene was also inverted so that the promoter 

337 was pointing towards the Fub boundary and the abd-A gene. Several potential mechanisms 

338 were proposed to account for the transformation of A1 to A2 induced by P-element 

339 transcription [51]. One was that transcription disrupted the functioning of an as yet 

340 unidentified boundary that blocked crosstalk between the Ubx bxd/pbx and abd-A iab-2 

341 regulatory domains. A second was that transcription interfered with the functioning of an 

342 element in iab-2 that is required to keep the iab-2 domain silenced in A1.

343 To test the boundary model, we took advantage of a Fub replacement platform F2attP 

344 (Fig. 6A) that removes a 2106 bp sequence containing the two nuclease hypersensitive sites 

345 associated with the Fub boundary and replacing it with an attP site (F2attP) [13]. As shown in 

346 Fig. 6B the A1 tergite in wt is narrower than the A2 tergite, lacks bristles and has less 

347 pigmentation, while the A1 sternite is absent. In F2attP males, the A1 segment is transformed 

348 into a copy of A2: the tergite is larger and it has a pigmentation and bristle pattern like A2, 

349 and there is also a sternite that is covered in bristles. These phenotypic transformations in the 

350 adult cuticle resemble those reported previously [51] for the P-element hopout mutants.

351 The GOF transformations evident in the starting F2attP deletion platform can be fully 

352 rescued by a 1587 bp fragment, F2, which includes both HS1 and HS2 (Fig. 6A). Consistent 

353 the previous results [51], we find that rescuing activity is disrupted when the P-element 

354 promoter, 5’P is placed upstream of the F2 fragment (5’P+F2). In this replacement the A1 

355 segment resembles A2 just like the starting deletion platform (Fig. 6B). Since introducing the 

356 PAS element downstream of F2 in the 5’P+F2+PAS combination does not rescue the GOF 
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357 transformation, it would appear that boundary function rather than a downstream silencing 

358 element is the critical target for transcription inactivation.

359 To confirm these findings, we tested the Fub pHS2 fragment used in the Fab-7 

360 replacement experiments. We found that pHS2 on its own is sufficient to rescue the GOF 

361 transformations induced by the F2attP deletion – the A1 tergite is narrow, lacks bristles and is 

362 unpigmented while there is no A1 sternite as in wt. Rescuing activity is lost when the P-

363 element promoter is placed upstream of pHS2 in both 5’P+HS2 and 5’+pHS2+PAS, and in 

364 both cases A1 is transformed towards an A2 identity. As would be expected if pHS2 

365 boundary function is disrupted by transcriptional readthrough from the P-element promoter, 

366 blocking activity is restored when the PAS element is placed between the P-element promoter 

367 and pH2 (Fig. 6B). 

368

369 Discussion 

370 Blocking activity of scs is context dependent: Our results indicate that the scs 

371 boundary has only a limited ability to block crosstalk between the iab-6 and iab-7 regulatory 

372 domains. This result is unexpected, as in transgene assays scs was found to have one of the 

373 “stronger” insulator activities [42–44,52,53]. It seems likely that scs is a poor match with the 

374 neighboring Fab-6 and Fab-8 boundaries [54,55]. Both depend upon CTCF, while scs does 

375 not [56]. Also, when placed in the context of BX-C scs seems to have a cell and/or an 

376 enhancer specific blocking activity. For example, phenotype of the A5 tergite in PAS+scsmin 

377 males (Fig. 4C) suggest that scs is unable to block the regulatory interactions between iab-5 

378 and Abd-B required for wt pigmentation, while its insulating activity is sufficient to block the 

379 interactions needed to inhibit the formation of trichomes.

380 Transcription disrupts enhancer activity: In previous Fab-7 replacement experiments 

381 [40], it was found that when scs is inserted in the reverse orientation, transcription from the 
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382 Cad87A promoter towards iab-7 induced a GOF transformation of A6(PS11) into A7(PS12). 

383 To explain this result, it was suggested that transcription through iab-7 prematurely activated 

384 the domain. However, we found that when scsR was introduced into a larger Fab-7 deletion 

385 that lacks HS3, transcription from the Cad87A interferes with the functioning of the iab-7 

386 domain, inducing a LOF transformation. That the activity of tissue specific enhancers in this 

387 region of BX-C is disrupted by transcriptional readthrough is supported by the effects of 

388 inserting scs in the direct orientation. In this case, it induces a LOF transformations of both 

389 A6(PS11) and A5(PS10) towards A4(PS9). The effects of transcription from the Cad87A 

390 promoter on these regulatory domains are most clear-cut when scs is combined with HS3 or 

391 F7HS1+2+3. In both of these replacements the combination of scs with HS3 or F7HS1+2+3 

392 suppresses the GOF phenotype of the Fab-7attP50 deletion platform making the LOF 

393 transformations in A6(PS11) and A5(PS10) more obvious. 

394 Transcription disrupts boundary function: The enhancers in the Abd-B regulatory 

395 domains are not the only elements whose function is disrupted by transcriptional readthrough. 

396 We find that boundary activity can also be abrogated by readthrough transcription. In the case 

397 of our Fab-7 replacements this is most directly demonstrated when boundaries are placed 

398 downstream of a P-element promoter. The scsmin+HS3 combination not only rescues the GOF 

399 transformation of A6(PS11) in the Fab-7attP50 deletion platform, but also prevents iab-6 and 

400 to a lesser extent iab-5 domain from regulating Abd-B expression. However, if the P- element 

401 promoter is placed upstream of scs+HS3 as in the 5’P+scs+HS3+PAS combination, blocking 

402 activity is largely lost and A6 is transformed towards an A7 identity. 

403 The effects of transcription on boundary activity are not limited to scs and HS3 (Fab-

404 7) as transcription also interferes with the functioning of the Fub boundary fragment pHS2. 

405 On its own it rescues the GOF phenotype of Fab-7attP50; however, when placed downstream 

406 of the P-element promoter, blocking activity is lost. Transcription also inactivates the Fub 
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407 boundary in its native context. This is true for both the 412 bp pHS2 element, and a larger 

408 1587 bp Fub fragment (Fig. 6). Moreover, as was case for a combination in which the 

409 truncated Cad87A promoter in scsmin is pointing towards HS3, the disruption in pHS2 

410 boundary function by the P-element promoter can be rescued by placing the PAS element in 

411 between the promoter and the boundary. These findings argued that boundary function is 

412 disrupted by readthrough transcription rather than some other properties of the promoter. 

413 Similar results are observed when pHS2 or a larger Fub fragment were tested for rescuing the 

414 Fub deletion. Again, the rescuing activity is lost when pHS2 and F2 are combined with the P-

415 element promoter. Thus, the effects of transcription also do not appear to be context 

416 dependent.

417 While previous studies have shown that readthrough transcription can suppress the 

418 activity of enhancers and promoters, how this happens is not fully understood [57–59]. One 

419 idea is that RNA Pol II transiently displaces DNA binding proteins as it passes [60,61]. In the 

420 case of boundary elements, it seems possible that even a transient displacement of factors 

421 important for their activity could have a significant impact on boundary function. Fly 

422 boundaries link distant sequences together to form looped domains or TADs by 

423 boundary:boundary pairing interactions [5,11,14]. In this mechanism, TADs are formed when 

424 proteins associated with one boundary element physically interact in a stable fashion with 

425 proteins associated with a second boundary element. This means that a transient displacement 

426 of boundary associated proteins from one of the elements would disrupt the TAD as it would 

427 uncouple the physical linkage between the distant sequences that define endpoints of the 

428 loop. Consistent with this idea, a low level of transcription from the truncated Cad87A 

429 promoter can disrupt the boundary functions of HS3.

430 While our experimental paradigm is artificial, there are contexts in which 

431 transcriptional readthrough provides a mechanism for coordinating higher order chromosome 
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432 organization with regulating gene activity. For example, the blocking activity of the Fub-1 

433 boundary is turned off by readthrough of a lncRNA from a promoter that is activated by the 

434 Ubx regulatory domain bxd/pbx [62] in PS6/A1 and more posterior parasegments. 

435 Inactivation of the Fub-1 boundary enables enhancers in the bxd/pbx domain to regulate Ubx 

436 expression. MicroC experiments suggest that transcriptional readthrough of the Fub-1 

437 boundary is likely accompanied by a switch from one TAD configuration to another 

438 configuration. Since transcription is not continuous, but instead occurs in bursts that can 

439 differ both in their length and frequency depending on the specific enhancer: promoter 

440 combinations, a readthrough mechanism would result in only a transient remodeling of the 

441 TAD organization. Moreover, this remodeling would also be subject to regulation. In this 

442 respect it is interesting to note that lncRNAs are thought to account for a vast majority of the 

443 transcripts in mammalian genomes [63–66]. It would be reasonable to suppose that some of 

444 these lncRNAs span TAD boundaries (as well as other elements like “tethering” elements 

445 that might also be sensitive to readthrough). Transcriptional readthrough of these lncRNAs 

446 would then alter the local TAD organization and in doing so generate new combinations of 

447 regulatory elements and potential target genes.

448

449

450 Materials and methods 

451 Generation of the replacement lines

452 The strategy of the Fab-7 replacement lines is described in detail in [48,67]. The F2attP 

453 replacement is described in detail in [13]. DNA fragments used for the replacement 

454 experiments were generated by PCR amplification and verified by sequencing. The sequences 

455 of the used fragments are shown in the Supporting Table S1. 

456
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457 Cuticle preparations

458 Adult abdominal cuticles of homozygous eclosed 3±4 day old flies were prepared essentially 

459 as described in [39]. Photographs in the bright or dark field were taken on the Nikon SMZ18 

460 stereomicroscope using Nikon DS-Ri2 digital camera, processed with ImageJ 1.50c4 and Fiji 

461 bundle 2.0.0-rc-46.

462

463 RNA purification and quantitative analysis

464 For each replicate, 20 adult 2- to 3-day-old males were collected and frozen in liquid 

465 nitrogen. Total RNA was isolated using the TRI reagent (MRC) according to the 

466 manufacturer’s instructions. RNA was treated with DNAse I (Thermo Scientific) to eliminate 

467 residual genomic DNA. The synthesis of cDNA was performed using RevertAid Reverse 

468 Transcriptase (Thermo Scientific) in a reaction mixture containing 5 μg of RNA and 5 μM 

469 random hexamer. The amounts of specific cDNA fragments were quantified by real-time 

470 PCR. At least three independent biological replicates were made for each experiment. At 

471 least four independent technical replicates were made for each RNA sample. Relative levels 

472 of mRNA expression were calculated in the linear amplification range by calibration to a 

473 standard curve. RNA levels were normalized to a level of housekeeping gene Vha100-1.

474 The sequences of oligonucleotides used in the study are presented in Table S2.

475
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697 Figure captions

698

699 Fig. 1. Boundaries organize enhancer-promoter interactions in the Abd-B gene of the BX-C. 

700 (A) Map of the BX-C showing the location of the three homeotic genes and the parasegment-

701 specific regulatory domains. There are nine cis-regulatory domains (shown as colored boxes) 

702 that are responsible for the regulation of the BX-C genes and the specification of parsegments 

703 5 to 13, which correspond to T3-A8 segments. The abx/bx (yellow) and bxd/pbx (orange) 

704 domains activate Ubx, iab-2 – iab-4 (shades of blue) – abd-A and iab-5–9 (shades of green) – 

705 Abd-B. Lines with colored circles mark chromatin boundaries. The dCTCF, Pita, and Su(Hw) 

706 binding sites at the boundaries are shown as red, blue, and yellow circles, respectively. (B) 

707 Schematic presentation of Abd-B activation in A5(PS11) and A6(PS12) segments 

708 (parasegments). (C) Deletion of the Fab-7 boundary results in premature activation of the 

709 iab-7 domain in A6 (PS12). 

710

711 Fig. 2. HS3 (iab-7 PRE) is required for boundary activity of the scsmin insulator. (A) 

712 Schematic presentation of the scs insulator (marked as green line). TSS -transcription start 

713 sites are marked by magenta arrows. PAS is designated as a STOP signal. Exons of Cad87A 

714 and CG31211 are marked as white boxes with brown hatching. The black arrow indicates the 

715 Cad87A promoter that is active in embryos [40]. (B) Schematic representation of the abd-A - 

716 Abd-B regulatory regions and Fab-7attP50 platform in which four hypersensitive sites, HS*, 

717 HS1, HS2, and HS3 (marked as grey boxes) are deleted. The endpoints of the deletion are 

718 indicated by breaks in the red line. HS3 marked as a blue line. Replacement fragments are 

719 shown below the map with a summary of their cuticle (tergite and sternite) phenotypes. (C) 

720 Bright field (top) and dark field (bottom) images of cuticles prepared from males of wild type 

721 (wt), Fab-7attP50, HS3, scsmin, scsmin+HS3 transgenic lines. Abdominal segments are 
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722 numbered. The filled red arrowheads show morphological features indicative of GOF 

723 transformations. The empty red arrowheads show the signs of the LOF transformation, which 

724 is directly correlated with boundary function. 

725

726 Fig. 3. The Cad87A promoter in scs inserted in the reverse orientation (scsR) is responsible 

727 for inactivation of the iab-7 enhancers. (A) Fab-7 boundary replacement schemes in which 

728 scs was inserted in reverse orientation. (B) Bright field (top) and dark field (bottom) images 

729 of cuticles prepared from males of wt, scsR+HS3, scsR, scsR+PAS, scsR+HS3+PAS, 

730 5’P+scsmin+HS3+PAS. (в 2 ряда – 6 линий). Other designations are as in Fig 2. 

731

732 Fig. 4. The Cad87A promoter in the scs inserted in the direct orientation (scs) is responsible 

733 for inactivation of the iab-5 and iab-6 domains. (A) Fab-7 boundary replacement schemes in 

734 which scs and scsmin were inserted in direct orientation. (B) Bright field (top) and dark field 

735 (bottom) images of cuticles prepared from males of wt, scs, scs+HS3, scs+F7, F6attP+F7attP 

736 Other designations are as in Fig. 2.

737

738 Fig. 5. Transcription from the P-element promoter suppresses the activity of the Fub sub-

739 fragment pHS2, when it replaces the Fab-7 boundary. (A) Fab-7 boundary replacement 

740 schemes, in which pHS2 was inserted in different combinations with the P-element promoter 

741 and polyadenylation signal from SV40 (PAS). (B) Bright field (top) and dark field (bottom) 

742 images of cuticles prepared from males of wt, Fab-7attP50, pHS2, 5’P+pHS2+PAS, 

743 5’P+PAS+pHS2. Other designations are as in Fig. 2.

744

745 Fig. 6. Transcription from the P-element promoter suppresses the functional activity of the 

746 Fub boundary and the Fub sub-element pHS2 in its endogenous location between the bxd/pbx 
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747 (the Ubx regulatory region) and iab-2 (the abd-A regulatory region) domains. (A) Fub 

748 boundary replacement schemes, in which Fub or pHS2 were inserted in different 

749 combinations with the P-element promoter and polyadenylation signal from SV40 (PAS). (B) 

750 Morphology of the male abdominal segments (numbered) in wild type (wt), F2attP, F2, P+ F2, 

751 5’P+F2+PAS (C) Morphology of the male abdominal segments (numbered) in wild type (wt), 

752 pHS2, 5’P+pHS2, 5’P+pHS2+PAS, 5’P+PAS+pHS2. 

753

754

755 Supporting information captions

756

757 S1 Fig. Detection transcription from Cad87A promoter in Fab-7 replacements with scs and 

758 scsmin. The results of real-time PCR (RT-PCR) show the level of detected transcripts (in both 

759 orientations) that are detected at different testing sites as indicated (shown with magenta 

760 arrows on Abd-B regulatory region scheme). Points “Cad e1” and “Cad e2” are taken from 

761 Cad87A 1st exon and reflect transcription from genomic and transgene promoters. The results 

762 are presented as a percentage of input genomic DNA. Error bars show standard deviations of 

763 triplicate PCR measurements for three independent experiments.

764

765 S1 Table. Primers for generating fragments.

766

767 S2 Table. The sequences of oligonucleotides used in real-time PCR.
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769

770 Fig 1.
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772

773 Fig 2.
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776 Fig 3.
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779 Fig 4.
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782 Fig 5.
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785 Fig 6.
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787

788 S1 Fig.
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790 SI Table 1. Primers for generating fragments
Fragments Primers 5’ - 3’
scs scs d CGCTGCGAACTTCTCTTC

scs r CTGTATTCCTCAGTTATCGA
scsmin scs m d CGTCCGCATACGTCCG

scs r CTGTATTCCTCAGTTATCGA
F7 HS3 HS3_d GTCGCAAGAACTTCACAACAG

HS3_r GCCATCATGGATGTGAAAGA
PAS (sv40) sv40tr GATACATTGATGAGTTTGG

sv40td GGATCTTTGTGAAGGAACCTTAC
5’P 1147 CATGATGAAATAACATAAGGTGGTC

1152 GCTGCTGCTCTAAACGACG
F71+2+3 F7-1 GATTTCAAGCTGTGTGGCGGGGG

F7-3 ATGTCGGCAATTCGGATTCCCGG 
F2 pHS2 F2-47 TTTGTGAATCCGTACCC

F2-48 TGAGCGAGTCCTTGAG
F2 F2D GCTGAGGCGGCTGAGAAAG

F2R CAAGATACAATCAGCAAAGC

791
792 SI Table 2. The sequences of oligonucleotides used in real-time PCR

Vha_RT2d TCATCTTCCACAACGCTTAC
Vha_RT2r GGAGATCCTGTTCCTGAAATAC
cad_e1_RTd CCTGTCTGTGTTGGTGTTAT
cad_e1_RTr TCATTCACACACCAGCTTT
cad_e2_RTd CGGCATTGGAGAAGACAA
cad_e2_RTr GGCTGATGACGTTGGAAT
i4-17k_d TTTCAATGGCGGACGTATC
i4-17k_r CCGCACTTGACTCTTGTTAT
i5-05k_d CGGCAATACTCAAGGTTTCT
i5-05k_r CTTCGTTCCTCGCTTTATGT
i6-4k_d CGACCTCCTTGTGTTGATTT
i6-4k_r TCAGATGACACCTCCCTTT
attRT_dir GTGGCGGTAGTTGATCCC
attRT_rev GTCGAGAACCCGCTGAC

793
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