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Abstract

Homeodomain-interacting protein kinases (Hipks) are a family of conserved proteins that are
necessary for development in both invertebrate and vertebrate organisms. Vertebrates have four
paralogues, Hipks 1-4. Mice lacking Hipkl or Hipk2 are viable, however loss of both is lethal
during early embryonic development, with embryos exhibiting homeotic skeletal transformations
and incorrect HOX gene expression. While these results suggest Hipks have a role in regulating
HOX genes, a regulatory mechanism has not been characterized, and further comparisons of the
roles of Hipks in development has not progressed. One challenge with characterizing
developmental regulators in vertebrates is the extensive redundancy of genes. For this reason, we
used Drosophila melanogaster, which has reduced genetic redundancy, to study the functions of
the four human HIPKs (hHIPKSs). In D. melanogaster, zygotic loss of the single ortholog dhipk
results in lethality with distinct eye and head defects. We used a dhipk mutant background to
compare the ability of each hHIPK protein to rescue the phenotypes caused by the loss of dHipk.
In these humanized flies, both hHIPK 1 and hHIPK?2 rescued lethality, while hHIPK3 and
hHIPK4 only rescued minor dhipk mutant patterning phenotypes. This evidence for conserved
functions of hHIPKs in D. melanogaster directed our efforts to identify and compare the
developmental potential of hHIPKs by expressing them in well-defined tissue domains and
monitoring changes in phenotypes. We observed unique patterns of homeotic transformations in
flies expressing hHIPK 1, hHIPK2, or hHIPK3 caused by ectopic induction of Hox proteins.
These results were indicative of inhibited Polycomb-group complex (PcG) components,
suggesting that hHIPKSs play a role in regulating its activity. Furthermore, knockdown of PcG

components phenocopied hHIPK and dHipk expression phenotypes. Together, this data shows
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that hHIPKSs function in D. melanogaster, where they appear to have variable ability to inhibit

PcG, which may reflect their roles in development.

Author summary

The redundancy of vertebrate genes often makes identifying their functions difficult, and Hipks
are no exception. Individually, each of the four vertebrate Hipks are expendable for development,
but together they are essential. The reason Hipks are necessary for development is unclear and
comparing their developmental functions in a vertebrate model is difficult. However, the
invertebrate fruit fly has a single essential dhipk gene that can be effectively removed and
replaced with the individual vertebrate orthologs. We used this technique in the fruit fly to
compare the developmental capacity of the four human HIPKs (hHIPKs). We found that #HIPK I
and hHIPK? are each able to rescue the lethality caused by loss of dhipk, while hHIPK3 and
hHIPK4 rescue minor patterning defects, but not lethality. We then leveraged the extensive adult
phenotypes associated with genetic mutants in the fruit fly to detect altered developmental
pathways when #HIPKs are mis-expressed. We found that expression of ZHIPKs [-3 or dhipk
each produce phenotypes that mimic loss of function of components of the Polycomb-group
complex, which are needed to regulate expression of key developmental transcription factors.
We therefore propose that Hipks inhibit Polycomb components in normal development, though

details of this interaction remain uncharacterized.
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Introduction

Homeodomain-interacting protein kinases (HIPKs) are a family of conserved
serine/threonine kinases that are necessary for development in both invertebrate and vertebrate
organisms [1]. In Drosophila melanogaster, combined maternal and zygotic loss of the single
homologue hipk (referred to hereafter as dhipk) results in early embryonic lethality, while
zygotic loss alone results in larval and pupal lethality [2]. In vertebrates, which have four Hipk
genes (Hipks1-4), experiments performed in mice show that knockout of individual Hipk genes is
not lethal, however knockout of both Hipkl and Hipk2 genes results in embryonic lethality,
likely due to functional redundancy between the paralogues [3]. Interestingly, Hipkl/2 double
knockout mice share phenotypes with D. melanogaster dhipk knockout organisms, such as

defects in eye and head structure and aspects of patterning and development [2—4].

While past research suggests Hipkl and Hipk2 have similar developmental roles based
on their apparent functional redundancy, a comparison with the highly similar Hipk3 or less
similar Hipk4 proteins has not been comprehensively assessed. The kinase domain is the region
of greatest similarity between human HIPK (hHIPK) paralogs, a similarity that extends to the
orthologous dHipk (Fig 1A). Hipks share other structural features outside of the kinase domain
that have been implicated in protein-protein interactions and regulating Hipk stability and
localization, which have been reviewed by our group and others [1,5]. Individual knockouts of
the four Hipks have been generated in mice by several groups, with each knockout producing
distinct phenotypes that may be indicative of either divergent functions, different temporal-
spatial expression, or both. For example, Hipkl knockout mice appear grossly normal, Hipk?2
knockout mice exhibit impaired adipose tissue development, smaller body size, and higher

incidence of premature death, Hipk3 knockout mice exhibit impaired glucose tolerance, and male
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Hipk4 knockout mice are infertile due to abnormal spermiogenesis [6—10]. Unfortunately, these
reported phenotypes come from a small number of sources focusing primarily on different
tissues, so an exhaustive comparison of developmental roles for each Hipk is not possible using

the current literature.

Vertebrate and D. melanogaster Hipks share conserved functions, as dHipk modulates
signaling pathways important in normal development that are homologous to what various
vertebrate Hipks interact with, including components of WNT, JNK, Hippo, and JAK/STAT
signaling pathways [11-22]. Among Hipks, vertebrate Hipk?2 in particular has been studied
extensively for its role in responding to genotoxic stress, where it is stabilized upon lethal DNA
damage and mediates p53-mediated cell death [23]. In fact, most studies involving vertebrate
Hipk proteins focus on Hipk2, with few studies making comparisons with the highly similar
Hipkl and Hipk3. As of yet, no studies have assessed the functional equivalency of all vertebrate
Hipks in development. Therefore, due to the similarity in known function between dHipk and
vertebrate Hipks, and precedence for the study of human protein functions in D. melanogaster
[24-26], we used the D. melanogaster model to compare the functions of the four hHIPKs. By
expressing hHIPKSs in both a dhipk knockout background, and in multiple tissues of a wild-type
genetic background, we directly compared the developmental equivalence of the four hHIPKs
under identical conditions. We uncovered previously unidentified functional similarities between
hHIPKSs in overall developmental potential, as well as unique differences when assessing their

activity in developing epithelial tissues that form the adult wing, leg, and eye.

Results

hHIPK1 and hHIPK2 rescue dhipk mutant lethality


https://doi.org/10.1101/2020.11.03.366393
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.03.366393; this version posted November 3, 2020. 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.

99 As a first step in characterizing hHIPKSs in D. melanogaster, we tested whether
100  expression of ZHIPKs individually could rescue dhipk mutant phenotypes. To do this, we
101  combined two existing dhipk mutant alleles to generate a transheterozygous (heteroallelic)
102  knockout which gives rise to a severe zygotic loss of function phenotype (Lee et al., 2009). This
103 knockout approach has three main benefits. First, it combines a dhipk/4] null allele which is
104  missing the majority of dhipk exons, with a less-severe dhipk-Gal4 knockin/knockout allele that
105  disrupts endogenous dhipk expression while allowing expression of UAS-driven transgenes in the
106  endogenous dhipk domain due to the insertion of Gal4 encoding sequences in the dhipk locus (S1
107  Fig). Second, this approach strongly decreases the amount dhipk mRNA (S2 Fig), without
108 removing the maternal contribution. This is beneficial, since when maternal dhipk mRNA is
109  removed, flies die at the embryonic stage, however mutants with a normal maternal dhipk mRNA
110  contribution develop up to the late pupal stage, allowing for phenotypic analysis of fully
111 developed adult tissues. Third, this approach reduces the effect of secondary mutations present in
112 chromosomes carrying the individual dhipk mutant alleles that may contribute to lethality when
113 made homozygous. In subsequent sections, dhipk/4]/dhipk-Gal4 mutant flies are simply referred

114  to as ‘dhipk mutants’.

115 As a proof of principle, we performed rescue experiments by expressing a UAS-

116  controlled wildtype dhipk cDNA construct in the dhipk mutant background. We carried out
117  rescue crosses at both 18° and 25°C to assay the effects of two levels of transgene expression,
118  since the activity of Gal4 is enhanced at higher temperatures [27]. This was essential to

119  determining optimal conditions, since our previous work has shown that overexpression of
120  dHipk in a wildtype background causes numerous phenotypes including tumorigenic effects

121 (Blaquiere and Wong et al., 2018; Wong, Liao and Verheyen, 2019; Wong et al., 2020). Crosses
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122 were set up at both temperatures and the degree of adult survival was determined (Fig 1B). In
123 cases of pupal lethality, we quantified the stage at which lethality occurred based on morphology
124  of the fly within their pupal case, as shown in Fig 1C. Control flies heterozygous for the dHipk-
125  Gal4/+ allele show ~92% adult viability at 25°C and ~75% adult viability at 18°C. Zero dhipk
126  mutant flies eclosed at either temperature, with death occurring at various pupal stages as

127  indicated in Fig 1D. We assessed the ability of transgenic UAS-dhipk to rescue this lethality. At
128  25°C when Gal4 has relatively high activity, UAS-dhipk rescued 12.7% of flies to eclosion, while
129  at 18°C UAS-dhipk rescued 45.3% of flies to eclosion. We attribute the low rescue at the higher

130 temperature to harmful effects caused by dhipk overexpression.

131 Having established our assay conditions, we tested the ability of the four UAS-hHIPK
132 transgenes to rescue dhipk lethality (Fig 1D). Both UAS-hHIPK 1 and UAS-hHIPK?2 could rescue
133 dhipk mutant flies to eclosion, though the degree to which they could do this varied. UAS-HIPK1
134 rescued 6.8% of dhipk mutants at 18°C, while it was unable to rescue at 25°C. In contrast,

135  HIPK?2 rescued the lethality of ~56% of dhipk mutants at both temperatures. Strikingly, this

136  rescue was more effective than the rescue by UAS-dhipk. Neither UAS-HIPK3 nor UAS-HIPK4

137  rescued adult lethality.

138  hHIPKs variably rescue dhipk mutant patterning phenotypes

139 While UAS-hHIPK3 and UAS-hHIPK4 do not rescue dhipk mutant lethality, it was

140  unclear if these hHIPKs could rescue minor dhipk mutant patterning phenotypes observed in
141 fully formed, yet inviable, pharate adults dissected from their pupal cases. dhipk mutant pharate
142 adults have reduced compound eye size compared to wild-type and loss of the simple eyes,

143 known as ocelli (Fig 2A-D) [2,31]. In addition, sensory bristles called macrochaetes that are

144  anterior and posterior to the ocelli are lost in dhipk mutant pharate adults (Fig 2A, E, F).
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145  Combined, these are the most obvious external phenotypes of pharate dhipk mutant flies.
146  Therefore, we assessed the ability of the UAS-hHIPKs to rescue the reduced eye size, and loss of
147  ocelli and bristles. As with the dhipk mutant lethality rescue experiments, we carried out these

148  crosses at both 18°C and 25°C (Figs 2, S3).

149 Overexpression of UAS-dhipk was able to significantly rescue each dhipk mutant

150  phenotype when raised at 25°C and rescued all but the anterior bristle loss at 18°C (Figs 2A, C-
151  F, S3). For the UAS-hHIPKs, only UAS-HIPK? could significantly rescue the reduced eye size
152 (Fig 2B), while expression of UAS-HIPK4 caused a significant decrease in eye size when

153  compared to dhipk mutants at both temperatures (Figs 2C, S3A). The loss of ocelli in dhipk
154  mutants was rescued by both UAS-HIPK?2 and UAS-HIPK3, but not by UAS-HIPKI or UAS-
155  HIPK4 when raised at either temperature (Fig 2D, S3B). None of the UAS-hHIPKs could

156  significantly rescue the loss of posterior or anterior bristles in dhipk mutants at 18° ( S3C, D
157  Figs). In contrast, at 25° both UAS-HIPK?2 and UAS-HIPK4 rescued the loss of both ocellar
158  bristle pairs (Fig 2E, F). The ability of UAS-dhipk and UAS-hHIPKs to rescue dhipk mutant
159 lethality, eye size, loss of ocelli, and loss of ocellar bristles are summarized in Fig 2G.

160  Collectively these data revealed that within the same developmental context, the four hHIPKs

161  can exert both shared and distinct effects that may reveal unique roles in development.

162  hHIPKI1 and 2 induce homeosis when expressed in wild-type D. melanogaster wings

163 The ability of UAS-hHIPKs to rescue impaired development in dhipk mutant flies

164  suggests that hHIPKs expressed in D. melanogaster perform the same functions as dHipk. The
165  varying ability of hHIPKSs to rescue dhipk mutant flies may be due to divergent conserved

166  functions, which could be observable in external D. melanogaster phenotypes. If so, the use of

167  D. melanogaster tissues may provide us with a simple method of comparing developmental
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168  pathway alterations caused by the expression of hHIPKs. We therefore expressed hHIPKSs in

169  multiple wild-type tissues using the dpp-Gal4 driver, which has well-defined expression patterns
170  in the developing larval eye-antennal, wing, and leg imaginal discs [32]. To promote obvious
171 phenotypic changes, these experiments were carried out at 29°C when Gal4 transcriptional

172 activity is relatively high.

173 Expression of UAS-hHIPK 1 or UAS-hHIPK? causes notching of the adult wing when
174  expressed using dpp-Gal4, UAS-GFP at 29°C (Fig 3A-C). The wing notching caused by UAS-
175  hHIPK] expression is more pronounced than the phenotype caused by UAS-hHIPK?2. Upon

176  closer inspection, the region of the wing expressing either UAS-hHIPKI or UAS-hHIPK?2

177  contains small hairs and sensory bristles not normally found on the wing, instead resembling
178  those found on halteres (Fig 3C). The altered development of a tissue causing it to fully or

179  partially develop into another tissue is called homeotic transformation, or homeosis, and often
180  occurs when key developmental regulators called homeotic (Hox) genes are dysregulated [33].
181  Halteres and wings are derived from similar larval tissues, the primary difference in their

182  development being that haltere imaginal discs express the Hox gene Ubx, which inhibits Notch
183  signaling at the dorsal-ventral boundary, while wing imaginal discs do not express Ubx [34].
184  Therefore, we stained 3™ instar larval wing imaginal discs expressing the individual hHIPKs or
185  dHipk to determine if ectopic Ubx expression was occurring. We found that expression of either
186  hHIPKI1 or hHIPK2 caused induction of Ubx in the wing pouch, but not in other wing imaginal
187  disc regions where dpp-Gal4 is expressed (Fig 3D). The degree of Ubx induction was greater in
188  wing imaginal discs expressing hHIPK1 compared to those expressing hHIPK?2, which matches
189  the severity of the adult wing notching phenotypes. We also stained the same wing imaginal

190  discs for Wingless (Wg) protein, which is a Notch target at the dorsal-ventral boundary of the
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191  wing pouch responsible for forming the edge of the wing. Since Notch signaling is inhibited by
192  Ubx in the wing imaginal disc, we looked to see if Wg was decreased in response to UAS-hHIPK
193  expression [34]. We found that wing imaginal discs expressing UAS-hHIPK 1 were missing Wg
194  staining where dpp-Gal4 intersects the dorsal-ventral boundary, while those expressing UAS-

195  hHIPK?2 that induce lower levels of Ubx appeared to have intact Wg staining (S4 Fig). Together,
196 this data suggests that hHIPK 1 and hHIPK?2 each induce Ubx expression in the wing pouch of

197  wing imaginal discs, resulting in a wing-to-haltere homeotic transformation.

198  hHIPKS variably induce cell death and proliferation

199 Wing notching can arise when cells making up the distal wing margin die [35-37]. Given
200 that HIPKs have been implicated in promoting cell death under certain situations, we asked

201 whether the notching is due to ectopic cell death [23,38—40]. We performed TUNEL staining in
202 3" instar wing imaginal discs to detect double stranded DNA breaks, which occur primarily in
203  apoptotic cells [41]. Both UAS-AHIPK1 and UAS-hHIPK?2 induce wing notching, and while

204  UAS-hHIPK]I expression did cause a significant increase in TUNEL staining, UAS-hHIPK?2 did
205  not, suggesting that the cell death is not the primary cause of the wing notching phenotype (Fig
206  3E, F). Additionally, UAS-dhipk expression did cause a significant increase in TUNEL staining
207  but did not produce the wing notching phenotype. Finally, while both UAS-hHIPK1 and UAS-
208  dhipk each caused a significant increase in TUNEL staining, the increased staining did not occur
209  at the dorsal-ventral boundary of the wing pouch, which is the region that becomes the distal

210  wing margin in the adult.

211 We have previously showed that using a different UAS-dhipk insertion strain (UAS-
212 Hipk’M) that has higher expression levels than the atP40 strain used in this work promotes cell

213 proliferation in the wing imaginal disc [28-30]. Therefore, we tested the proliferative potential of

10
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214 each of the UAS-hHIPKs by measuring the size of the dpp>GFP expression domain after

215  transgene expression, since increased proliferation would lead to more GFP-expressing cells.
216  Expression of UAS-dhipk or UAS-hHIPK3 each significantly increased the area of the dpp stripe
217  in wing imaginal discs proportional to the size of the entire tissue (Fig 3E, G). To measure

218  proliferation directly we stained wing imaginal discs for the mitotic marker phospho-histone 3
219  (PH3) and found that, similar to the results from measuring the dpp-Gal4 expression area,

220  expression of either UAS-dhipk or UAS-hHIPK3 significantly increased cell proliferation in this
221 tissue (Fig 3E, H). For both TUNEL and PH3 comparisons, the concentration of stain within the
222 dpp-Gal4 domain was measured both inside and outside of the main dpp-Gal4 stripe. This data
223 was used to calculate ratio of stain for each wing imaginal disc, which was then plotted to

224  compare the genotypes (Fig 31).We also expressed each of the UAS-hHIPKs or UAS-dhipk in
225  eye-antennal imaginal discs using ey-FLP, which strongly drives UAS transgene expression in
226  the entire tissue [42]. In this context, UAS-hHIPK 1, UAS-hHIPK3, and UAS-dhipk each

227  significantly increased the size of the eye-antennal imaginal discs, with the greatest increase

228  found with hHIPK1 and hHIPK3, where obvious tissue distortions were also present (S5 Fig).

229  Thus, we found that hHIPKSs can variably induce proliferation in a tissue-dependent manner.

230 hHIPKI1 and 3 induce ectopic sex combs in male legs

231 Expressing UAS-dhipk at high levels using dpp-Gal4 at 29°C causes malformed adult
232 legs [30]. When expressing UAS-hHIPKs with dpp-Gal4, we found that UAS-hHIPK3 caused
233 similarly malformed legs, while UAS-hHIPK caused less severe malformations (Fig 4A, S1
234  Table). Additionally, we found that UAS-hHIPK 1 and UAS-hHIPK3 each caused ectopic sex
235  comb formation on the middle and rear legs of males (Fig 4A, arrows, S1 Table). The dpp-Gal4

236  domain is expressed in the region that produces sex combs in the leg-imaginal discs (Fig 4B).

11
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237  Because the ectopic sex comb phenotype is strongly associated with expression of the Hox
238  protein Sex combs reduced (Scr, Fig 4C), we stained the larval imaginal discs that give rise to
239 the middle legs with anti-Scr antibodies and found that those expressing UAS-hHIPK 1 or UAS-

240  hHIPK3 consistently showed ectopic Scr expression (Fig 4D).

241 UAS-dhipk and UAS-hHIPK]I-3 expression phenocopies loss of Polycomb components

242 When staining for Ubx and Scr expression to determine a molecular cause for the adult
243 wing and leg phenotypes, respectively, we also stained other larval tissues using each antibody.
244 Ectopic expression of Ubx was detected in the wing pouch region of wing imaginal discs from
245  larvae expressing UAS-hHIPK I or UAS-hHIPK2, but not in the leg or eye-antennal imaginal

246  discs, and not from any imaginal discs expressing UAS-hHIPK3, hHIPK4, or dhipk (data not

247  shown). Similarly, while ectopic Scr expression was detected in the middle and rear leg imaginal
248  discs in flies expressing UAS-hHIPK1 or UAS-hHIPK3, we did not observe Scr in the wing or
249  eye-antennal disc, nor in any imaginal discs expressing UAS-hHIPK?2, hHIPK4, or dHipk (data
250  not shown). This tissue specific induction of Hox genes by hHIPKSs is similar to what others have
251  observed with Polycomb Group complex (PcG) mutants [43,44]. Mutations in Polycomb (Pc), a
252 PcG component, have been shown to cause similar wing, leg, and antenna phenotypes as we

253  observed with hHIPK1 expression [45—48]. Pc mutants are also known to mis-express

254  Abdominal B (AbdB) in multiple tissues and developmental stages, including larval wing

255  imaginal discs, adult ovaries, and embryos [49-51]. We therefore stained larval tissues

256  expressing UAS-hHIPKs to detect AbdB and found that UAS-AHIPK alone was able to induce
257  ectopic AbdB expression in wing, leg, and eye-antennal imaginal discs (Fig 5SA-C). Of note, the
258  regions of tissue where AbdB was induced in wing or leg imaginal discs were different

259  compared to the domains where Ubx or Scr, respectively, were induced by hHIPK1.

12
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260 We associated the homeotic transformations observed with UAS-hHIPK expression with
261 inactive PcG components, however UAS-dhipk did not produce an obvious homeotic

262  transformation indicative of PcG alteration when over-expressed using dpp-Gal4. Given our

263  finding that dHipk and hHIPKs have similar functions in the dhipk mutant rescue experiment, the
264  lack of comparable homeotic transformation phenotypes in the dpp-Gal4 experiment was

265  surprising. Historically, the majority of phenotypes associated with altered PcG were obtained
266  using genetic mutants for various PcG components, so it is possible that the

267  overgrown/malformed leg phenotype that UAS-dhipk overexpression produced is due to reduced
268  PcG activity but was not observed in PcG mutants due to impaired earlier development.

269  Therefore, to better assess the similarity of UAS-dhipk overexpression phenotypes to loss of PcG
270  components, we used four UAS-RNAi lines targeting components of the two primary PcG

271 complexes, PRC1 and PRC2, to reduce PcG activity in the dpp-Gal4 domain. In addition to

272  antenna-to-leg and wing-to-haltere transformations found with Polycomb (Pc), Sex-combs-extra
273 (Sce), and Enhancer of zeste (E(z)) knockdown, we found that knockdown of, Polyhomeotic (Ph-
274  d), Sce, or E(z) each produced overgrown/malformed adult legs (S6 Fig). While not an explicit
275  homeotic transformation, these overgrown/malformed legs phenocopy the expression of UAS-

276 dhipk (Figs 4A, S6).

277  Discussion

278 Our results show that expressing human HIPKs 1-4 in D. melanogaster can substitute
279  dHipk for many of its developmental functions. hHIPK1 and hHIPK?2 are similar enough to

280  dHipk that they each rescue lethality caused by mutant dhipk, while hHIPK3 and hHIPK4 are
281  only capable of rescuing minor dhipk mutant patterning phenotypes. We also found that high-

282  level expression of the hHIPKs in otherwise wild-type D. melanogaster tissues causes homeotic

13


https://doi.org/10.1101/2020.11.03.366393
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.03.366393; this version posted November 3, 2020. 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.

283  transformations indicative of PcG inhibition. Our work to compare the developmental functions
284  and potential of the four human HIPKs under identical conditions builds upon work done by

285  many groups to identify Hipk functions through knockout and overexpression studies in multiple
286  organisms [1]. One of the primary motivations for this work was to make comparisons between
287  HIPKs that were not possible in vertebrate models or cell culture experiments. Isono et al. (2006)
288  demonstrated that Hipk1 and Hipk2 have overlapping, functionally redundant roles in mouse

289  embryonic development, however it was not clear if other Hipks also shared this similarity [3].
290  Functional redundancy makes it difficult to study the functions of individual proteins in

291  development, since the work necessary to make multiple strains of double or triple knockout

292  mice is difficult, and sometimes impossible. It is much easier and financially practical to

293  generate cell lines with multiple knockouts present, however in these you lose the perspective of
294  the whole organism, which is key to identifying the necessity of these proteins in development.
295  We thought the fly would be an excellent model to investigate this question of developmental
296  necessity due to the strong similarity between dHipk and hHIPK protein sequences, and the

297  simple and effective techniques we have available to knockout the single dhipk while expressing

298  other hHIPKSs in its place.

299 Our finding that hHIPK1 and hHIPK?2 each rescue dhipk mutant lethality in flies suggests
300 that the human HIPKSs are functional in D. melanogaster, and that they share developmental roles
301  both with each other, and with dHipk. This closely resembles mouse data from Isono ef al.,

302  where Hipkl and Hipk2 were shown to have overlapping roles during development by analysis
303  of double Hipk1/Hipk2 knockouts [3]. There is no information about the possible functional

304 redundancy between Hipk3 or Hipk4, so we assessed the extent of their functional similarities in

305  our experimental model. The inability of hHIPK3 or hHIPK4 to rescue dhipk mutant lethality
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306  suggests their roles are more divergent from those of hHIPK1 and hHIPK?2. This is not surprising
307 for hHIPKA4, since it lacks nearly all similarities to hHIPK 1-3 and dHipk outside of the kinase
308 domain, and even within the kinase domain it shares the least amount of similarity between them
309 (see Fig 1). However, hHIPK3 shares nearly as much amino acid similarity with hHIPK?2 as

310 hHIPKI1 does, so its inability to rescue dhipk mutant lethality may warrant further investigation
311 into the significance of the amino acid sequence discrepancies between these proteins. The

312  similarity between dHipk and hHIPK2 inferred from the strong dhipk mutant rescue by hHIPK2
313  also suggests that studies on dHipk may be used as a quick way to identify new hHIPK2

314  functions or targets.

315 While hHIPK 1 rescues dHipk mutant lethality, it does not significantly rescue the

316  patterning defects associated with dhipk mutants, unlike hHIPK?2 which restores viability and
317  patterning defects. In contrast, hHIPK3 and hHIPK4 rescue the loss of ocelli and loss of ocellar
318  bristles in dhipk mutants, respectively, but not lethality. The limited depth of this analysis can
319  only conclude that hHIPK3 and hHIPK4 may retain limited ancestral function or are so divergent
320 that they rescue these phenotypes by some new mechanism. The comparison of protein sequence
321  similarity, and previously published cellular localization data suggests that the normally nuclear
322 hHIPK3 fits the former category, with cytoplasmic hHIPK4 fitting the latter. Similarly, the

323 ability of hHIPK1 to rescue dhipk mutant lethality, but not patterning defects, may indicate

324  functional divergence.

325 The ability of hHIPK1 and hHIPK?2 to each rescue dhipk mutant lethality is strong
326  evidence that hHIPKs were functioning correctly in D. melanogaster, however this experiment
327  did not demonstrate what pathways were being modulated by hHIPK expression. Signaling

328  pathway mutations are well characterized in D. melanogaster, to the extent that observation of
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329  distinct mutant phenotypes in adult cuticular structures often allows researchers to infer which
330 signaling pathways or protein complexes are affected. Therefore, to reliably detect dHipk or
331  hHIPK mediated changes in signaling, we needed to drive expression in well-defined regions of

332 larval tissues that produce adult wing, leg, and head structures.

333 The well-established dpp-Gal4 driver was selected for its common use among D.

334  melanogaster researchers, and well-defined expression in multiple larval tissues, defined by co-
335  expression of GFP. Expression of hHIPK 1, hHIPK?2, and hHIPK3 using dpp-Gal4 each produced
336  varied adult homeotic transformation phenotypes. hHIPK 1 and hHIPK?2 each caused wing-to-
337  haltere transformations along with Ubx induction in the wing imaginal discs, while hHIPK3 and
338  hHIPK4 had little to no effect on the adult wing structure and did not induce Ubx expression.

339  Only wing imaginal discs expressing hHIPK 1 showed a noticeable decrease in Wg staining at the
340  dorsal-ventral boundary, suggesting that the lower level of Ubx induction caused by hHIPK2 was
341  less able to decrease Notch signaling. hHIPK 1 and hHIPK3 caused 2" and 3 legs to gain sex
342  combs in males along with Scr induction in the corresponding leg imaginal discs, while hHIPK2
343  and hHIPK4 had no visible effect on these legs, nor did they induce ectopic Scr in leg imaginal
344  discs. Finally, hHIPK1 alone was able to cause loss of aristae (S6 Fig), which is a minor antenna-
345  to-leg transformation [52]. While the Hox protein Antp is frequently found to be ectopically

346  expressed in eye-antennal imaginal discs that undergo antenna-to-leg transformations, we did not
347  observe this (data not shown). However, partial antenna-to-leg transformations can occur without

348  detectable levels of Antp [52].

349 Hipks are named for their initial discovery as binding partners of proteins containing
350 homeodomains, so their ability to cause homeotic transformations may not seem to be a

351  surprising result. While several studies have found direct protein-protein interactions between
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352  Hipks and homeodomain-containing proteins [53—55], it is important to note that the homeotic
353  transformation phenotypes we have observed in response to hHIPK expression are not indicative
354  of direct interaction with Hox proteins. Instead, the three homeotic transformations observed in
355 these experiments are well characterized phenotypes associated with inactive PcG components,

356  resulting in the upregulation of Hox gene transcription [56].

357 PcG components are broadly split into two protein complexes, Polycomb repressive

358 complex 1 (PRC1) and PRC2, which act together to repress genes during development by

359  regulating chromatin remodeling [56]. Previous research has shown that hHIPK2 can interact
360  with and phosphorylate CBX4/Pc2, a PRC1 component homologous to D. melanogaster

361  Polycomb (Pc), in the early response to DNA damage, however this interaction was found to

362  promote transcriptional silencing in this context [57]. More recently, the same group has found
363 that under otherwise normal conditions, targeting hHIPK?2 to specific DNA regions causes de-
364  condensation and de-repression of chromatin at those genomic loci [58]. The latter result

365  supports our finding of normally repressed homeotic genes becoming de-repressed in response to
366 hHIPK expression, however interactions between Hipks and PRC1 or PRC2 components that are
367  important in the context of normal development have not yet been described. Given the strong
368  homeotic transformations caused by hHIPK1, 2, and 3 presented in this research that are

369  independent of DNA damage, we suspect that Hipks may guide development at least partially by
370  inhibiting PcG components. An issue with this hypothesis is that dHipk overexpression did not
371  produce any visible homeotic transformations like those produced by hHIPKs1-3. However, the
372 leg deformities we observed in flies expressing dHipk, hHIPK 1, and hHIPK3 are similar to what
373  we observed when PcG components were knocked down with RNAi. Therefore, we suspect that

374  dHipks are similarly inhibiting PcG, though more work needs to be done to detail these
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375 interactions, since the varying phenotypes caused by each hHIPK in D. melanogaster suggest

376  that they are acting differently.

377 An alternative mechanism for how Hipks cause the various homeotic transformation

378  phenotypes is by promoting the activity of proteins in the Trithorax group (TrxG) complex. TrxG
379  proteins broadly act to promote gene expression by decreasing the compaction of chromatin,
380 thereby increasing its accessibility [56]. Previous research has shown that expression of D.

381  melanogaster TrxG component ¢rx in the same dpp-Gal4 domain used in this research produces
382  nearly identical homeotic transformations as UAS-hHIPK1 [52]. Because TrxG and PcG

383  complex activities directly counter each other, it is difficult to assess whether these homeotic
384  transformations are due to TrxG promotion or PcG inhibition. However, previous research

385  describing Hipk/PcG interactions lead us to suspect that Hipks cause homeotic transformations
386  through interactions with PcG components, not TrxG. Moving forward, we will investigate how
387 the different Hipks alter chromatin, as well as clarifying the importance of this activity in

388  development.

389 The pattern of Hox gene induction caused by HIPK expression is an important

390 consideration. For example, the Hox protein Ubx is ectopically induced by hHIPK 1 and hHIPK?2,
391  but only in the wing imaginal disc, not the leg or eye-antennal imaginal discs, and only in the

392  wing pouch region, despite the domain of hHIPK expression being broader in this tissue. At the
393  same time, the Hox protein AbdB is ectopically induced by hHIPK1 expression in both the wing
394  pouch and the notum regions of the wing imaginal disc and is ectopically induced by hHIPK1 in
395  other tissues. Clearly the Hox protein induction by hHIPKs is dependent on tissue region. The

396 tissue-dependent response to hHIPK expression in these larval tissues highlights the importance
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of studying these proteins in a tissue context, rather than a cellular context, as the overall effect

of HIPKSs seems to vary depending on a cell’s existing developmental fate or pluripotency.

For the first time, all four vertebrate HIPKs have been assessed for their comparative
developmental functions and potential under identical conditions. Together, these results show
that hHIPK 1 and hHIPK?2 each function well enough in D. melanogaster to rescue lethality
caused by mutant dhipk, the single fly Hipk homologue. Furthermore, hHIPK3 and hHIPK4 can
rescue dhipk mutant patterning phenotypes. When expressed in domains that develop into adult
cuticular structures, dHipk and hHIPKs1-3 each produce phenotypes that resemble loss of PcG
components, suggesting that Hipks function to inhibit PcG components. This study collectively
shows that Hipks share many conserved functions across species and validates the use of D.

melanogaster as a tool to understand this complex and multi-facetted kinase family.

Materials and methods

Fly Stocks and Genetic Crosses

Previously described fly strains used in this work are 1: w///8, 2: dhipk-Gal4
(hipk[BG00855], BDSC #12779), 3: UAS-GFP (BDSC #5431), 4: UAS-pcR¥i (BDSC #33964),
5: UAS-e(z)®V4i (BDSC #36068), 6: UAS-sceFMi (BDSC #67924), 7: UAS-ph-dF¥4i (BDSC
#63018) 8: dhipk” [2], 9: dpp-Gal4/TM6B [32], 10: UAS-HA-dhipka# [59], 11: eyFLP ;
act>y*>Gald, UAS-GFP [42],. The details of how UAS-myc-hHIPK 1470 UAS-myc-
hHIPK 2440 UAS-myc-hHIPK 3% and UAS-myc-hHIPK4*%* were generated for this work is
detailed in the section titled “Generation of plasmids and UAS-hHIPK fly stocks.” dhipk mutant

rescue experiments were performed at 18°C and 25°C to determine the ideal Hipk expression
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419  levels by altering the abundance of Gal4-driven UAS-Hipk constructs, while experiments using
420  dpp-Gal4 were performed at 29°C to strongly increase UAS-Hipk expression. Flies were raised
421  on standard media composed of 0.8g agar, 2.3g yeast, 5.7g cornmeal, and 5.2mL molasses per

422  100ml. “BDSC” is an acronym for the Bloomington Drosophila Stock Center.

423  Terminology

424 As this study investigates human proteins expressed in D. melanogaster, it was necessary
425  to clearly indicate which species of protein is specified in each experiment. Throughout this

426  paper, D. melanogaster Hipk protein is written “dHipk™ while mutants or DNA are referred to as
427  dhipk, human HIPKSs are written as “hHIPKs”, and in cases where reference is made to proteins

428  from both species, “Hipks” is used.

429  Generation of plasmids and transgenic UAS-hHIPK fly stocks

430 Plasmids containing the cDNA for human HIPKs were generously provided by two

431 groups. Dr. Lienhard Schmitz gifted a plasmid containing #HIPK1 isoform 1, and Dr. Seong-
432 Tae Kim provided us plasmids containing #HIPK3 isoform 2 and #HIPK4. The cDNA for

433 hHIPK?2 isoform 1 was synthesized by GenScript® to match the NCBI reference sequence

434  NM 022740.4. In cases where the gifted cDNAs did not exactly correspond to the translated

435  NCBI reference protein sequences (NP_938009.1 for hHIPK1, NP _001041665.1 for hHIPK3,
436  and NP _653286.2 for hHIPK4), we performed site-directed mutagenesis using the Gene Art™
437  Site-Directed Mutagenesis PLUS system to correct the cDNA sequence. The cDNAs that

438  corresponded to these reference sequences were then tagged with N-terminal Myc-epitope tags
439  before being cloned into a pUAST-attB backbone vector using Notl and Xhol restriction sites for

440  hHIPKI and hHIPK?2, Bglll and Kpnl sites for #HIPK3, and Bglll and Xhol sites for hHIPK4.
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441  The four pUAST-attB-Myc-hHIPK plasmids were then sent to BestGene Inc. for injection into
442  D. melanogaster embryos containing an attP40 site, allowing for stable integration to identical
443  sites on the second chromosome. The resulting fly stocks each contain a single Myc-hHIPK
444  cDNA under the control of a UAS promoter that is expressed in any cell expressing a Gal4

445  transcription factor.

446  Adult D. melanogaster imaging and scoring rescue phenotypes

447 To quantify the stages of pupal lethality in the dhipk mutant rescue experiment, crosses
448  were performed with 24-hour egg lays, and all non-Tubby pupal cases were collected 5 days

449  after flies were expected to have eclosed. Pupal cases were scored into 5 categories: 1) “eclosed”
450  flies were counted when pupal cases were empty. 2) Flies were scored as “pharate” when the
451  adult head, thorax, and abdomen were fully developed and pigmented, but they were unable to
452  eclose. 3) “Pupal lethal 1” was assigned to pupae that had defined head, thorax, and abdomen
453  within the pupal case, but only had partial pigmentation. 4) “Pupal lethal 2” was assigned to

454  pupae that had defined head, thorax, and abdomen, but no pigmentation. 5) “Pupal lethal 3" was

455  assigned to pupae that had no defined head, thorax, or abdomen.

456 The pharate pupae and viable adults from the dhipk mutant viability rescue experiment
457  were collected, and if necessary, gently removed from their pupal cases with dissecting tweezers
458  before being immediately placed in 70% ethanol and stored at -20°C for preservation until they
459  were photographed for the assessment and quantification of head phenotypes. Six randomly

460  selected female flies from each cross were used for phenotype quantification. To image these
461  flies, we used an 8-well BD Falcon CultureSlide (REF 354118) modified to have each well filled

462  1/3 with SYLGARD™ 184. Insect pins were bent at 90° and pinned into the solidified
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463  SYLGARD so that the 90° bend was located near the top of the plastic well (S8 Fig).

464  Immediately before imaging, flies were removed from 70% ethanol at -20°C to individual wells
465  filled with 70% ethanol at room temperature and pinned to the planted insect pins while

466  remaining submerged. The slides were then topped off with excess 70% ethanol before a

467  coverslip was placed atop the wells. A resulting slide contained six female flies of the same
468  genotype pinned at a stable position for imaging near the surface of the coverslip, while

469  remaining submerged in ethanol. The ethanol was required to prevent flies drying out during
470  imaging, and the coverslip was required to prevent vibrations on the surface of the ethanol that
471  interfered with imaging. The same six flies were photographed three times to capture each eye
472  (two images per fly) and the top of the head (one image per fly). Lighting was provided by an
473  LED strip modified to encircle the CultureSlide, and a folded white tissue was placed under the

474  CultureSlide to obtain a white/grey background.

475 Adult wings and legs were dissected in ethanol, then gently dried on a paper towel before
476  being submerged in a small drop of Aquatex® (Sigma-Aldrich #1.08562) and covered in a

477  coverslip. Small weights (EM stubs) were then placed on the coverslips while being heated to
478  60°C for 1 hour. All adult phenotypes were imaged using a Zeiss Axioplan2 microscope with an

479  Optika C-P6 camera system.

480 HIPK Protein Sequence Alignment

481 After confirming that our cDNA sequences correctly translated to the NCBI reference
482  protein sequences for hHIPK1 isoform 1 (NP_938009.1), hHIPK2 isoform 1 (NP_073577.3),
483  hHIPK3 isoform 2 (NP_001041665.1), hHIPK4 (NP_653286.2), and dHipk isoform A

484 (NP _612038.2), each of the dHipk or hHIPK sequences were individually compared to hHIPK?2

485  using the NCBI Multiple Sequence Alignment (MSA) tool [60]. On the MSA website, the Hipk
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486  that was being compared to hHIPK?2 was set as the anchor. The FASTA alignment for this

487  comparison was then downloaded and opened in Jalview (version 2.11.1.2) to extract the

488  numerical conservation data between the Hipk in question and hHIPK?2 [61]. The numerical

489  conservation data (from 0 = no conservation, to 11 = identical amino acid) was then extracted
490  and sent to Microsoft Excel (Excel 365), where numerical columns were converted to a color
491  gradient. Each comparison to HIPK2 was lined up based on the location of the first conserved
492  region. An image of the comparison was then exported as a PNG to Inkscape (version 0.92.4) for

493  domain annotation, based on the NCBI annotation of the kinase domain.

494  Immunocytochemistry and microscopy

495 Late third instar larval imaginal discs were dissected and stained using previously

496  described methods [28]. The following primary antibodies were used: mouse anti-Ubx (1:50,
497  DSHB Ubx FP3.38) mouse anti-Scr (1:50, DSHB anti-Scr 6H4.1), mouse anti-Abd-B (1:50,
498  DSHB anti-ABD-B (1A2E9)), mouse anti-Antp (1:50, DSHB anti-Antp 4C3), mouse anti-Wg
499  (1:50, DSHB 4D4), rabbit anti-PH3 Ser10 (1:500, Cell Signaling #97018S). Imaginal discs were
500 imaged on a Zeiss LSM 880 using a dry 10x lens. Z-stacks were acquired, and images were

501  processed in F1JI, where Z-stacks were converted to maximum intensity projections.

502 PH3 and TUNEL assay quantification using wing imaginal discs

503 Dual PH3 and TUNEL assay staining was performed by first completing the normal wing
504  disc dissection, fixing, washing, and primary antibody treatment protocol noted previously for
505  PH3 (1:500 in block, Cell Signaling #9701S). Before secondary antibody staining, TUNEL

506  staining was performed using the Roche /n Situ Cell Death Detection Kit, TMR Red (Version 12,

507  Cat. No. 12 156 792 910). Once the tissues were washed after the primary antibody treatment,
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508 the wash was removed, and 100ul of combined TUNEL assay components (92.7uL labelling
509  solution + 8.3uL enzyme solution) was added to the tissues in a 1.6mL Eppendorf tube, along
510 with 1:1000 goat a-rabbit fluorophore conjugated secondary antibody (Jackson

511  ImmunoResearch, product # 711-605-152). The tissues were then incubated overnight (~16
512  hours) on a rocker in the dark at 4°C. Staining regents were then removed, and samples were
513  rinsed quickly with PBT before staining for 30 minutes with 1:500 DAPI solution. After DAPI
514  staining, four more 10-minute washes were performed before wing discs were separated from
515  other tissues and mounted in 70% glycerol on microscope slides. Wing imaginal discs were
516  imaged as described in the previous section. Using FIJI [62—64], the area of the whole wing
517 imaginal disc and dpp-GFP domains were measured, and PH3 or TUNEL positive cells were
518  counted within each region automatically using the Analyze - Analyze Particles tool after
519  thresholding. The change in concentration of PH3 or TUNEL positive cells between the dpp-

520 GFP domain and the rest of the disc was then calculated.

521  RNA extraction and qPCR

522 RNA extractions were performed using the Qiagen RNeasy® Plus Min Kit (#74134).

523  RNA that was used to confirm reduced dHipk mRNA in dhipk mutant and rescue crosses, as well
524  as verify the correct AHIPK expression in the rescue crosses, was collected from four combined
525  wandering 3" instar larvae (two male and two female) for each cross. Larvae were washed in

526  PBS before being spot dried on a clean paper towel and transferred to 300ul buffer RLT Plus,
527  supplemented with freshly added B-mercaptoethanol to 1%. Larvae were homogenized with

528  pestles by hand in 1.6mL tubes before being centrifuged for 3 minutes at maximum speed to

529  pellet debris. Supernatant was transferred to a gDNA Eliminator spin column, with the remaining

530 RNA extraction steps following the manufacturer’s instructions.

24


https://doi.org/10.1101/2020.11.03.366393
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.03.366393; this version posted November 3, 2020. 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.

531 cDNA synthesis was performed using ABM® OneScript® Plus cDNA Synthesis Kit
532 (#G236). For each sample, 100ng mRNA was used in combination with Oligo (dT) primers to
533  perform first-strand cDNA synthesis of poly-adenylated mRNA following manufacturer’s

534  instructions. Resulting cDNA was diluted 1:5 before being used for qPCR.

535 qPCR for each sample/primer mix was performed in triplicate with 10ul samples
536  (technical replicates), utilizing Bioline’s sensiFAST SYBR Lo-ROX Kit (#BI0-94005) on an
537  Applied Biosystems QuantStudio 3. 1ul of diluted cDNA was used per reaction. Primers

538  targeting rp49 were used as reference targets.

539  Primers

540 rp49 F: AGCATACAGGCCCAAGATCG

541 rp49 R: TGTTGTCGATACCCTTGGGC

542  dhipk F: GCACCACAACTGCAACTACG

543  dhipk R: ACGTGATGATGGTGCGAACTC

544  hHIPKI F: GACCAGTGCAGCACAACCAC

545  hHIPKI R: GCCATGCTGGAAGGTGTAGG

546  hHIPK2 F: GTCCACCAACCTGACCATGA

547  hHIPK2 R: GGAGACTTCGGGATTGGCTA

548  hHIPK3 F: GACATCAGCATTCCAGCAGC

549  hHIPK3 R: GCTGTCTTCTGTGCCCAAAG

550 hHIPK4 F: GCCTGAGAACATCATGCTGG
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hHIPK4 R: GCGACTGGATGTATGGCTCC
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762  Figure legends:

763  Fig 1. hHIPK1 and hHIPK?2 rescue dhipk mutant lethality.

764  (A) The four human HIPKSs and the single dHipk protein amino acid sequences are each

765  compared with hHIPK2, the most studied hHIPK, for amino acid identity and similarity. Dark
766  blue indicates higher sequence similarity, while light blue indicates lower sequence similarity,
767  and orange indicates lack of conservation between the protein and hHIPK2. Within each Hipk
768  amino acid sequence, the kinase domain is the region of highest similarity when compared with
769  hHIPK?2. Less similarity is present in the N and C-terminal domains, where various interaction
770  and regulatory domains exist, as reviewed by Rinaldo ef al. (2008) and Schmitz et al. (2013). (B)
771 The cross scheme used to generate dhipk mutant flies that expressed UAS-hHIPKs in the dhipk
772 domain involved crossing two fly strains. A male fly homozygous for a UAS-hHIPK transgene
773 on the 2™ chromosome and heterozygous for the dhipk/4] mutant on the 3'¢ chromosome over
774  the balancer TM6B was crossed to a female fly with a wild-type 2" chromosome and

775  homozygous for dhipk-Gal4 on the 3" chromosome over the balancer TM6C. Resulting non-

776  tubby progeny pupae were then scored for each cross. (C) The developmental stages were scored
777 by assessing the pupal cases as described in the materials and methods. (D) Numbers at the top
778  of the graph indicate the number of pupae scored per genotype. Flies were raised at the indicated
779  temperatures with single-day egg lays. The furthest developmental stage of each pupae was

780 recorded 5 days after control balancer flies eclosed and was plotted on the graph. Both male and

781  female flies were combined for this experiment.

782

783
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784  Fig 2. hHIPKSs variably rescue minor dhipk mutant head phenotypes.

785  (A) Representative heads and eyes from dhipk mutant flies expressing individual UAS-hHIPKs
786  or UAS-dHipk using the dhipk-Gal4 driver. (B) Location of the organs on the top of the head that
787  were quantified in this figure. (C) The surface area of 12 eyes (6 flies) were imaged and

788  measured for each cross. (D-F) The ocelli, posterior ocellar bristles, and anterior ocellar bristles
789  of 6 heads were counted after imaging. (C-F) Comparisons in each graph are made to the dhipk
790  mutant (dhipk KO) result. “Control” flies are of the genotype +/+ ; dhipk-Gal4/+. Error bars

791  indicate the mean with a 95% confidence interval. A one-way ANOVA was performed followed
792 by Dunnett’s test to correct for multiple comparisons for each dataset. P-values for the statistical
793  analyses performed correspond to the following symbols: >0.0332 (ns), <0.0332 (*),

794  <0.0021(**), <0.0002(***), < 0.0001(****). (G) Summary table of dhipk mutant rescue

795  phenotypes. Only female flies were assessed for this experiment.

796

797  Fig 3. Effects of Hipk expression in wild-type D. melanogaster wings.

798  (A) Representative adult wings dissected from the corresponding genotypes. (B) Graphical

799  representation of the dpp-Gal4 domain in larval wing disc and adult wing tissues. Green

800 indicates the dpp-Gal4 domain, while other colors and patterns indicate corresponding regions
801  between the larval and adult wing. (C) Zoomed in image of dpp-Gal4, UAS-hHIPK1 or UAS-
802  hHIPK?2 wing notching phenotype, compared to a wild-type haltere (images are to scale). Inset
803  boxes for each image focus on similar phenotypes between the three images. (D) Representative
804  images of late 3" instar imaginal wing discs dissected from larvae of the corresponding

805  genotypes and stained for the Hox protein Ubx. Wing discs expressing UAS-hHIPK 1 or UAS-
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806  hHIPK?2 show Ubx induction in the wing pouch (arrows). Results were consistent across 10 wing
807  imaginal discs assessed for each genotype. (E) Representative images of late 3" instar imaginal
808  wing discs of the corresponding genotypes stained for mitotic marker PH3 and apoptosis marker
809 TUNEL. (D, E) GFP marks the dpp-Gal4 domain where UAS constructs are expressed. Scale
810  bars are 50 um. (F-H) Graphs plotting the change in TUNEL staining, Area, and PH3 staining,
811  respectively, caused by expression of UAS-Hipk constructs. Error bars indicate the mean with a
812  95% confidence interval. A one-way ANOVA was performed followed by Dunnett’s test to

813  correct for multiple comparisons for each dataset. P-values for the statistical analyses performed
814  correspond to the following symbols: >0.0332 (ns), <0.0332 (*), <0.0021(**), <0.0002(***), <
815  0.0001(****), (I) Diagram explaining how changes in PH3 and TUNEL stains were quantified.
816  For all images, the sex of the representative tissues was picked from mixed-sex samples unless

817  otherwise noted by the female (?) symbol. Crosses were performed at 29°C.
818
819  Fig 4. Effects of Hipk expression in wild-type D. melanogaster legs.

820  (A) Adult legs dissected from the corresponding genotypes. Arrows indicate ectopic sex combs.
821  (B) Graphical representation of the dpp-Gal4 domain in larval leg imaginal disc and adult leg
822  tissues. Green indicates the dpp-Gal4 domain, while other colors indicate corresponding regions
823  between the larval and adult leg. (C) Image of control late 3™ instar T, imaginal leg discs stained
824  for the Hox protein Scr. (D) Representative images of late 3" instar T, imaginal leg discs

825  dissected from larvae of the corresponding genotypes and stained for the Hox protein Scr.

826  Results were consistent across 10 T, imaginal leg discs assessed for each genotype. GFP marks
827  the dpp-Gal4 domain where UAS constructs are expressed. All adult and larval flies assessed in

828  this figure were male. Crosses were performed at 29°C. (C, D) Scale bars: 50um.
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829
830 Fig 5. hHIPK1 induces Hox protein AbdB in wing, leg, and eye imaginal discs.

831  Representative 3" instar imaginal (A) wing, (B) T, leg, and (C) eye-antennal discs are shown for
832  each of the corresponding crosses. Ectopic Abd-B staining caused by hHIPK1 is shown with
833  arrows. Sex of the representative tissues are mixed unless otherwise noted by the male ()

834  symbol. Crosses were performed at 29°C. Scale bars: 50pum.
835
836  Fig 6. Summary of phenotypes induced by fly and human Hipks.

837  (A) Summary table of phenotypes observed when Hipks are expressed at 29°C in non-mutant
838 flies. Blue indicates a detected change, while grey indicates no change. All results in the table
839  were achieved using dpp-Gal4 except for the larval eye-antennal imaginal disc size (area) result,
840  which utilized eyFLP. (B) Summary figure highlighting the main findings of this paper. Grey
841  background indicates results from the rescue experiment, while yellow background indicates

842  results from dpp-Gal4 expression in a wild-type background.
843

844  S1 Fig. Schematic of dhipk mutant allele generation. (A) The dhipk/4] allele was generated by
845  P-element excision, as described previously [2]. (B) The dhipk-Gal4 allele was generated in the
846  Baylor genetrap screen by insertion of a P-element containing a Gal4 exon into the beginning of

847  the dhipk gene [65].

848  S2 Fig. Validating dhipk knockout and UAS-Hipk expression using qPCR. (A) The

849  expression of dhipk was compared between wild-type, heterozygous dhipk mutant,
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850 transheterozygous dhipk knockout, and dhipk knockouts expressing UAS-Hipks. (B) Expression
851  of specific hHIPKs or dhipk was confirmed in the respective dhipk mutant rescue experiments
852  using qPCR. For each UAS-hHIPK or UAS-dhipk rescue assessed, dhipk transheterozygous

853  knockouts were used as the control. (A,B) Two male and two female 3™ instar larvae from each
854  cross raised at 25°C were used in these experiments. Bars represent the mean, while error bars

855  represent the upper and lower limits as defined by Quantstudio Design and Analysis Software.

856  S3 Fig. Rescue of dhipk mutant patterning defects by hHIPKSs at 18°C. (A) The surface area
857  of 12 eyes (6 flies) were imaged and measured for each cross. (B-D) The ocelli, posterior ocellar
858  bristles, and anterior ocellar bristles of 6 heads were counted after imaging. (A-D) Comparisons
859 in each graph are made to the dhipk mutant (dhipk KO) result. “Control” flies are of the genotype
860  +/+; dhipk-Gal4/+. Error bars indicate the mean with a 95% confidence interval. A one-way

861 ANOVA was performed followed by Dunnett’s test to correct for multiple comparisons for each

862  dataset. P-values for the statistical analyses performed correspond to the following symbols:

863  >0.0332 (ns), <0.0332 (*), <0.0021(**), <0.0002(***), < 0.0001(****)_

864  S4 Fig. Wg protein is reduced at the D/V boundary where UAS-hHIPK] is expressed. 3™
865 instar larval imaginal wing discs were stained as described in the materials and methods. Scale

866  bars are S0um. Flies were raised at 29°C.

867 S5 Fig. Comparing the effects of UAS-hHIPKs and UAS-dhipk on eye-antennal disc size
868  when expressed using eyFLP. The eyFLP genetic construct causes strong UAS transgene
869  expression within the entire eye-antennal disc. (A) Representative images of eye-antennal
870  imaginal discs from each cross, with w///8 used as the control. (B) Plotted data on the graph is

871  from imaged eye-antennal discs with surface area measured using FIJI. Bars represent the mean,
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872  while error bars represent the 95% confidence interval. Scale bars are S0um. Flies were raised at

873  29°C.

874  S6 Fig. RNAi knockdown of PcG components phenocopies Hipk expression. Fly stocks
875  containing UAS-RNAi constructs expressed using dpp-Gal4 causes homeotic transformation
876  phenotypes similar to hHIPK -3 expression (see Figs 3, 4, S7), and malformed legs similar to

877  dhipk overexpression (see arrows). Flies were raised at 29°C..

878  S7 Fig. Flies expressing UAS-hHIPK]I in the eye-antennal disc do not develop aristae. (A)
879  Representative adult heads dissected from the corresponding genotypes. (B) Graphical

880  representation of the dpp-Gal4 domain in larval eye-antennal disc and adult head. Green

881 indicates the dpp-Gal4 domain, while other colors and patterns indicate corresponding regions

882  between the larval and adult structures. Flies were raised at 29°C.

883 S8 Fig. Container setup used to image adult flies in the dhipk mutant rescue experiments.
884  An 8-well Cultureslide was modified as described in the materials and methods to facilitate

885  preparation of multiple samples for high-resolution imaging on a single slide.

886

887

888

889

890

891

892
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893

894  S1 Table. Hipks variably induce leg deformities and ectopic sex combs.

Genotype # Legs Assessed Deformed (by segment) Sex Combs

on-Gald. UAS-GFP Fe: T,:0% /T, 0% /T, 0%
g T 7IT,TIT,7 Tit T,:0% /T, 0%/ T,: 0% T,:100% / T,: 0% / T, 0%

Fe: T,: 100% /T, 100% / T,: 100%

dpp-Gal4, UAS-GFP : : . T ; . : : :
pp UAS.dhipk T 14T 14/T:13 Ti: T,: 100% / T,: 100% / T,: 100% T,:100% / T,:0% / T,: 0%

Fe: T, 0% / T, 0% / T, 0%

dpp-Gal4, UAS-GFP : : . T ; . : : :
P s hHIPK] T 21/ T 17/T,:19 Tiz T,: 0%/ T, 0%/ T,: 0% T,:100% / T, 88.2% / T, 78.9%

Fe: T,:80.0% /T, 86.7% / T,: 94.4%

dpp-Gal4, UAS-GFP : . . T : : : :
P AShHIPK2 T:19/T,;19/T;:18 Ti: T,:80.0% / T,: 73.3% / T, 88.9% T,:100% / T,: 0% / T: 0%

Fe: T,:80.0% /T,:86.7% / T,: 94.4%

dpp-Gal4, UAS-GFP : : . T : : : :
P S HIPKS T 15/T,;15/T:18 Ti: T,: 80.0% / T,: 73.3% / T, 88.9% T,: 100% / T, 80.0% / T,: 44.4%

Fe:T,:0% /T, 0% /T, 0%

dpp-Gal4, UAS-GFP : : . T . . : : :
P AS hHIPKS T 19/T,;19/T:18 Ti: T,: 0%/ T, 0%/ T,: 0% T,:100% / T,:0% / T, 0%

895  Representative flies are shown in Fig 4A. Front legs are listed as T}, middle legs as T, rear legs
896  as T;. The penetrance of leg deformities for each genotype is separated by leg section, where Fe
897 indicates the Femur, Ti indicates the Tibia, and Ta indicates the Tarsal segments, as indicated in
898  Fig 4B. Both leg distortion and sex comb frequencies are listed for males only. Female legs are
899  distorted, but frequencies are not listed here. No female legs from these genotypes display

900 ectopic sex combs. Flies were raised at 29°C.
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Fig 6
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