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Abstract

CFP-1 (CXXC finger binding protein 1) is an evolutionarily consenmexdein that binds to
non-methylated CpG-rich promoters in humans and C. elegans. Thenemhepigenetic
regulator is a part of the COMPASS complex that conthiedH3K4me3 methyltransferase
SET1 in mammals and SET-2 in C. elegans. Previous studies havéeiddimimportance of
cfp-1 in embryonic stem cell differentiation and cell fate spe&ifon. However, neither the
function nor the mechanism of actionafif-1 is well understood at the organismal level. Here
we have used cfp-1(tm6369) and set-2(bn129) C. elegans mutantestigate the function
of CFP-1 in gene induction and development Ndve characterised C. elegans COMPASS
mutantscfp-1(tm6369) and set-2(bn129) and found that lefigkl and set-2 play an important
role in the regulation of fertility and development of the organism. Furthieriwe found that
both cfp-1 and set-2 are required for H3K4 trimethylation and play a repeessle in the
expression of heat shock and salt-inducible genes. Interestimgljound thatfp-1 but not
set-2 genetically interacts with Histone Deacetylase (HDACtbmplexes to regulate
fertility, suggesting a function of CFP-1 outside of the COMPASS complextiduily, we
found thatcfp-1 and set-2 independently regulate fertility and developroethe organism.
Our results suggest that CFP-1 genetically interacts with HDACA#plexes to regulate
fertility, independent of its function within the COMPASSwuex. We propose that CFP-1
could cooperate with the COMPASS complex and/or HDAC1/2 icoatext-dependent

manner.

Keywords: H3K4me3¢fp-1, set-2, Setl/COMPASS complex and HDACs
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I ntroduction

Chromatin regulation shapes gene activity, which underliesiynbiological processes
including development. Histone modifications are a major foirohromatin modification that
play a central role in controlling gene expresgign The perturbation of these modifications
has been associated with developmental defects and diseasesimpcladcef2-4]. However,
the mechanism by which histone modifications contribute to teesats is yet to be fully

determined.

The interplay between the highly dynamic histone modificatwars determine chromatin
regulation and gene functigf]. At enhancer and promoter regions histones are subjected to
high turn-over of acetylation or methylation modifications whichiltesn either activation or
repression of gene expressigh-8]. Acetylation of histones by conserved histone
acetyltransferases (HATSs) such as Gen5, p300/CBP, sRC/p160 and MY &ifiad te gene
expression. Whereas deacetylation of histone by evolutionarigecoed histone deacetylases
(HDACSs) is often associated with gene repression [7, 9, 10]. HDACs mouftiprotein

complexessuch as SIN3, NuRD, and COREST complexes to regulate gene expféksion

One of the most studied chromatin modifications is histone sthdy4 trimethylation
(H3K4me3). H3K4me3 is found at 5’ sites of active genes and is often regarded as an active
promoter mark [11, 12]. Previous studies have shown that thedei#K4me3 is strongly
correlated with gene expression of a subset of genes. These dtadeesuggested that
H3K4me3 could contribute to gene expression by acting as a @isite for chromatin

modifiers and transcriptional machinery to facilitate ta@scription proceq43-16]. Contrary



76 to the role of H3K4me3 in gene expression, growing evideesesuggested that H3K4me3
77 could play a repressive role in gene expres§lanl9]. All these findings generated from
78 different organisms suggest that H3K4me3 could play a role in dpetle expression and
79 repression in a context-dependent manner. Nevertheless, how H3K4meButesito gene
80 expression and repression needs to be explored further.

81

82 H3K4me3 is deposited by a Complex Proteins Associated with @ OMPASS) complex
83 [2]. The COMPASS complex is evolutionarily conserved from yeastammals. In yeast,
84 there is only one complex which is responsible for all forms of H3K4 nadtbgl(H3K4mel,
85 H3K4me2, and H3K4me3), whereas in humans there are six COMPA%8eses: SET1A,
86 SETI1B and Mixed Lineage Leukemia (MLL) 1, 2, 3 and 4. SETAASET1B are responsible
87  for the majority of H3K4me3 mark deposition, MLL 1 and 2 are resptansor H3K4me3
88 deposition in a subset of genes, and MLL 3 and MLL 4 are resperisibH3K4me1[2]. In
89 C. elegans there are two COMPASS complexes: SET-2/COMPASigch descendent of
90 yeast Setl, and SET-16/COMPASS which is the MLL 3/4 orthi@0g21]} Although Setl is
91 the key subunit of COMPASS, its associated subunits are also anpéot assembly and

92 regulation of H3K4 methylatio[®2, 22].

93 One of the major subunits of the COMPASS complex is CFP1 vighedsential for H3K4me3

94  modifications[23-25]. CFP1 binds to unmethylated CpG-rich DNA sequences known as CpG
95 islands (CGls) and helps the recruitment of the SET1/COMPASS complex at the promoter
96 region of active geng®6-30]. Previous studies have reported that CFP1 plays an important
97 role in cell fate specification and cell differentiation [24, 25, 3pwever, the exact

98 mechanism by which CFP1 contributes to gene regulation arelopevent is not clear. To

99 understand the role of cfpl in gene regulation and developmeiaweeuseafp-1(tm6369)

100 and set-2(bn129) C. elegans mutants. We discovered that deletfplodr set-2 results in

4
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drastic reduction of H3K4me3 levels and stronger expression of heat stbsklainducible
genes. Surprisingly, we found that despite both genes beindiastarH3K4me3 deposition
and gene induction, only CFP-1, but not SET-2 genetically interactsHId#hC1/2 in C.

elegans development. This study suggests that in addition tantloaical function of CFP-1
in the H3K4me3 deposition, CFP-1 also cooperates with HDAC dii2plexes during C.

elegans development.

Results

CFP-lisrequired for fertility and normal growth rate

In yeast and mammals, COMPASS/Setl is responsible for theityajoH3K4me3. Loss of
SET1 or CFP Xesults in drastic reduction of H3K4me3 levels at 5’ sites of active genes [23,
24, 32-34]. Similar to mammals and yeast, the function of setfidlog of SET1) and cfp-1
(homolog of CFP1) in H3K4me3 deposition is also conserved in Gamde[20, 21, 35]To
further investigate the role of cfp-1 in developmanfp;1(tm6369) mutant as used in this
study.cfp-1(tm6369) is a deletion allele, which has 254bp deletion encompassing5 of
F52B11.1a.1 and part of the intron upstream and downstream (Fig. 1A). Exopriserved
in all transcripts of the cfp-1 gene, therefore deletion on &x@gion of F52B11.1a.1 results
in truncation in all the transcripts of thf-1 gene. To confirm that cfp-1(tm6368)a loss of
function allele we measured the global level of H3K4me3oit Ibhe cfp-1(tm6369) and the
set-2(bn129) loss of function mutants by western blot analysis. We observéldehavels of
H3K4me3 incfp-1(tm6369) mutant is significantly reduced and was similar taémpeatrted for
the set-2(bn129) allele (Figure 1B) suggesting thatcthel (tm6369) mutanis a loss of

function allele.
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To explore the functional consequences of losfpfl in C. elegans we pursued the
phenotypic characterisation of th§-1(tm6369) mutant by conducting a fertility assay and
measured the growth rate. For the fertility assay, we measurbrbtheksize of cfp-1(tm6369)
and set-2(bn129) mutants at 20 °C and@520 °C is an optimum temperature for C. elegans
we observed that at 20 °C both mutants had a significant reductorood size compared to
wild type (Figure 1C). 25 °C is known as a non-permissive temperature fleg@ne growth.
We observed that at 25 °C fertility was severely affected ih bipt1(tm6369) and set-
2(bn129) mutants compared to wild-type (Figure 1D). In a previous study, it was depaitte
set-2(bn129) mutant display a mortal germline phenotype itiaBcaf a progressive loss of
brood size over generations leading to sterility, at 28%. We also investigated the mortal
germline phenotype of the cfp-1(tm6369) mutant at 25 °C. L4 IgR@emaintained at 20 °C,
were transferred to 25 °C and the average brood size of F1, F2, F3 and F4 geaepatitd
was measured. Surprisingly, the F2 generation ofcfhd (tm6369) mutant at 25 °C was
completely sterile (Figure 1E). Taken together, these findinggest that both cfp-1 and set-

2 play an important role in maintaining fertility.

We measured the growth rate of set-2(bn129) and cfp-1(tm6369) mutantempared them

to wild-type. C. elegans embryos pass through four larval stages (L1, L2d1L31ato reach
adulthood. We measured the growth of freshly laid embryos oftyld, cfp-1(tm6369) and
set-2(bn129) mutants at 60 h. Batip-1(tm6369) and set-2(bn129) mutants show delays in
development from embryo to adult (Figure 1F). After 60 h, ~84% of wildtyeyss reached
the adult stage, whereas most of the cfp-1(tm6369) andlse&t2q4) mutants were still in the
L4 stage (Figure 1F). These results further evidence thatchmihand set-2 are required for

the proper development of an organism.



151 CFP-1and SET-2 attenuate gene induction

152 We next investigated the role of cfp-1 and set-2 in gene esipreby using salt-inducible
153 reporter strain VP198 (kbis5 [gpdh-1p::GFP + rol-6(sul006)]). The VP198 comjsen
154 fluorescent protein (GFP) reporter gene downstream of the gpdh-lpgemeter and is
155 expressed in a higher salt environment (Figure [38)]. We crossed this strain wiitfp-
156 1(tm6369) and set-2(bn129) mutants to generfatd (tm6369);kbis5 and set-2(bn129);kbis5
157 double mutant strains and exposed them to a higher @aentration (150 mM NacCl). C.
158 elegans is normally grown on a salt concentration of 52 mM. FhusM was used as a control
159 throughout this study.

160 When exposed to hypertonic stress, we observed that higher peeceot bothcfp-
161 1(tm6369);kbis5 and set-2(bn129);kbis5 mutants displayed hyper-induction ofpitréere
162 gene compared to wild-type worms (Figure 2B). The intensity of expres&s also higher
163 in both the mutants compared to wild-type. We also measured the endoggansuaspt level
164 of gpdh-1 gene at control and at higher salt concentrations irtypigcfp-1(tm6369) and set-
165 2(bn129) mutants. We found that at higher salt concentration, gleolethe gpdh-1 transcript
166 was highly induced iofp-1(tm6369) and set-2(bn129) mutants compared to wild-type (Figure
167 2C).

168

169 To further investigate the role ofp-1 and set-2 in gene induction regulation, we used the heat
170 shock reporter strain AM722 [rmiIs288(hsp70p::mCherry 1V)]. AM722 contai@herry
171 downstream of heat shock promoter hsp-70, which is expressed during heat gjuee2(»)
172 [37]. We crossed this strain witlefp-1(tm6369) and set-2(bnl129) to generatp-
173 1(tm6369);rmis288 and set-2(bn129);rmis288 strains. We found that aftersihecit,
174 mCherry expression was significantly higher iofp-1(tm6369);rmis288 and set-

175 2(bn129);rmis288 strains compared to rmis288 in a wild-type background (Figuned?b).



176 We also measured the endogenous expression of heat-inducible@E?€8,1 F44E5.4 and
177 hsp-16.2 in the cfp-1(tm6369) and set-2(bn129) mutant backgroo@@&8.1 F44E5.4 and
178 hsp-16.2 are heat inducible chaperones downstream of the heat attock I (hsf-1) gene
179 and are expressed during heat st{@8s40]. After heat shock at 33 °C for one hour, the
180 expression ofC12C8.1 F44E5.4 and hsp-16.2 were significantly upregulated in bipth
181 1(tm6369) and set-2(bn129) mutants compared to wild-type (Figure 2FerHigiuction of
182 heat and salt-inducible genes in bolft 1(tm6369) and set-2(bn129) mutants vatiegligible

183 level of H3K4me3 suggests that H3K4me3 can indeed play a regreskavn gene induction.

184

185 CFP-1 cooperates with class| HDACsto regulate fertility

186 We conducted a mini fertility screen to find the candidateegéhat could either enhance or
187 suppress the observed poor fertility phenotype otfrd (tm6369) mutant. Previous studies
188 have illustrated that crosstalk between COMPASS and hist@tg@ation plays an important
189 role in ensuring proper gene regulatigii-43]. Thus, for the screen, we selected histone
190 acetyltransferases (cbp-1, mys-4 and hat-1) and histone desaestffida-1, hda-2 and hda-3)
191 We either knocked down cbp-1 or hat-1 by RNAI dp-1(tm6369) and set-2(bn129) or
192 crossed mys-4(tm3161) mutant with cfp-1(tm6369) or set-2(bn129) mutahteeasured the
193 effect on fertility. In the fertility screen, we did not obseany significant change in brood
194 size ofcfp-1;mys-4 and set-2;mys-4 double mutants, and during RNAI knockdowrt-@fiha
195 cfp-1(tm6369) and set-2(bn129) mutants (Figure 3A and @ip-1 RNAI resulted in a larval
196 arrest in wild-type, cfp-1(tm6369) and set-2(bn129) mutants so bszedcould not be
197 determined. However, we did not observe significant changes intyeofiithe cbp-1(ku258)

198 gain of function mutant duringfp-1 or set-2 RNAi (Figure 3C[44].

199 In contrast to HATs, RNAIi knockdown of hdaet hda-2or hda-3 in cfp-1(tm6369) mutant
8
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significantly reduced the brood size, suggesting a synergistic genetiction between these
histone deacetylases and cfp-1 (Figure 3D and 3E). Interestimglyound that unlike cfp-
1(tm6369), set-2(bn129) brood size did not significantly reduce in RNAI of fatdxda2 or

hda-3 (Figure 3D and 3E).

We demonstrated that set-2 arfg-1 play a similar role in fertility and development ©f
elegans. However, we observed that RNAI knockdown of hda-ida-2 or hda-3 only
enhances the low brood phenotypecpf1(tm6369) mutant. Different responses of tfig
1(tm6369) and set-2(bn128)utants to the same RNAI conditions could be due to differential
sensitivity to RNAI. To investigate this, we carried out an RIAnsitivity assay. We
measured the RNAI sensitivity ofp-1(tm6369) and set-2(bn129) mutants using hmr-1, dpy-
10 and unc-15 genes with well-defined phenotypes. We founddtiatfp-1(tm6369) and set-
2(bn129) mutants responded sinlyfato the tested RNAI (Table 1). This suggests that the
different response affp-1(tm6369) and set-2(bn129) mutants in hdarHtida-2or hda3 RNAI

background is not due to the different sensitivity to RNAI.

Table 1. RNAI sensitivity assay: Sensitivity of wild-type, set-2(bn129) and cfp-1(tm6369) on
RNAI was measured using dpy-10, unc-15 and hmr-1 RNAi. dpy-10 wagidzased on the
severity of dumpy (shorter and fatter body morphology) phenotyioee + means stronger
phenotype. unc-15 was scored based on the severity of uncoordinatetypbgparalysis).
More + means stronger phenotype. hmr-1 was scored basedpan¢batage of dead eggs out
of total brood. <6% means that there was less than 6% embigtmadity in wild-type, set-
2(bn129) anatfp-1(tm6369) on hmr-1 RNAI. This experiment has been repeated 2 tinies, an

similar results were observed.
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RNAI Wild-type cfp-1(tm6369) set-2(bn129)

EV (Control) - - -

hmr-1 <6% <6% <6%
dpy10 +4++++ +4++++ ++4++
unc-15 +++++ ++++ +++++

CFP-1interacts genetically with SIN-3, CHD-3 and SPR-1 complexes

hda-1, hda-2 and hda-3 are the orthologs of mammalian class | HONIAC1/2) [45].
HDAC1/2 are found in multiprotein complexes such as Sin3, NuR®D GoREST which
contain Sin3, Mi2e/p and CoREST as a major subunit, respectiy46/49]. Sin3 acts aa
scaffold for the assembly of Sin3/HDAC1/2 comp[éK]. COREST of COREST/HDAC1/2
complex helps in recognition of nucleosome substrate and atesukhe nucleosome
modifying activities of HDAC1/2[51]. NuRD complex contain either Chromodomain-
helicaseBDNA-binding proteins, CHD3 (Mi2x) or CHD4 (Mi2-) as major subunits. Mi2-o/3
are ATPases which use ATP to unwind the nucleos¢8#&$3] Sin3, CoREST and Mia/p
are relatively specific to Sin3, COREST and NuRD complex respectivel are thought to be

defining components of these complef@3-53].

To test which of these complexes interact veiir 1, we carried out RNAI knockdown of C.
elegans orthologs of SIN3, Mi-2 and CoREST in cfp-1(tm6369) mutaet.ebiingly, RNAI
knockdown of SIN3 ortholog, sin-3, dramatically reduced the average brpedocip-

1(tm6369) mutant (Figure 4A). This sugged{s1 interacts with sin-3 to regulate fertility. To
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further confirm the RNAI results, we crossed sin-3(tm1276) mutahtafp-1(tm6369) mutant
and generated thep-1(tm6369);sin-3(tm1276) double mutants. We found that all otfitre
1(tm6369);sin-3(tm1276) double mutants were completely sterile (Hd)eSimilar to sin-

3 RNAI, RNAIi mediated knockdown of CoREST ortholog, spr-1,cm1(tm6369) mutant
significantly reduced the average brood size (Figure 4A). We alssent thefp-1(tm6369
mutant to spr-1(ok2144) and measured the fertility. We observesdrdrger reduction in the
average brood size ofp-1(tm6369);spr-1(ok2144) double mutant compared to single mutants

(Figure 4C).

C. elegans has two homologs of Mi-2, LET-418 and CH[B43. Loss of function allele of
let-418 has a strong fertility defect and sterifB4-59]. Since we used fertility to study the
genetic interaction between genes, it would be difficult isbirdyuish whether the further
reduction (if any) on the brood ofp-1(tm6369) mutant on let-418 RNAS due to additive or
synergistic effect. Thus, we used chd-3 to study the genediaation between NURD complex
and CFP-1. We observed that the average brood stfg- b{tm6369) mutant treated on CHD-
3 RNAI was significantly reduced compared to control RNAI (Fighi#d. These findings

support that cfp-1 interacts with SIN3, NURD and CoREST complexes.

On the other hand, we did not observe the synergistic reduntitie average brood size of
set-2(bn129) mutant on sin-3 or chd-3 or spr-1 RNAI (Figure 4A). Axditly, the average
brood size of set-2(bn129);spr-1(ok2144) and set-2(bn129);sin-3(tm1276) doubigsmuta
was similar to single mutants (Figure 4B and 4C). These resugtgest that set-2 does not
interact with SIN3, NURD and CoREST complexes. It is possitde SET-2 and HDAC
complex act on the same pathway to regulate fertility. Colldgtitleese findings support tha

cfp-1 interacts with HDAC1/2 complexes and the interaction is indepeod SET-2.

We sought to investigate the functional link betwefrl and HDAC1/2 complexes. One of

11



267

268

269

270

271

272

273

274

275

276

277

278

279
280

281

282

283

284

285

286

287

288

289

290

291

the main functions of HDAC1/2 complexes is histone deacaiylatsowe asked if the
inhibition of HDAC1/2 deacetylase enhances the low brood phenotygfp-b{tm6369) and
set-2(bn129) mutant or not. We treated ¢fel(tm6369) worms with Trichostatin A (TSA).
TSA is a chemical that inhibits class I/l histone dedastyand TSA treated cells have a
significant gain in histone acetylati0]. TSA is a toxic chemical, thus we used 4 uM which
is an established non-toxic dose for C. eledéth We found that the average brood size of
wild-type and set-2(bn129) mutant were not affected. In contrastpbitbod size otfp-
1(tm6369) mutant was slightly but significantly reduced (Figure 4D).flhiser confirms the
genetic interaction between cfp-1 and HDAC1/2 and provide theidmac link betweercip-

1 and HDAC:s.

cfp-1 and set-2 independently regulate fertility and growth

We did not observe any genetic interaction between set-gatetl HDACs, but we found a
clear genetic interaction betweeip-1 and HDAC1/2 complexes. This finding suggested that
cfp-1 and set-2 might act in separate pathways to regulatiéyfeio investigate this, we
generated cfp-1(tm6369);set-2(bn129) double mutant and measured the beotidsihcfp-

1 and set-2 act in a similar pathway, then the average bmmdfsdouble mutants should be
similar to single mutants. Interestingly, we found that the geerarood size ofcfp-
1(tm6369);set-2(bn13%ouble mutant was significantly lower than the average bsasdof
cfp-1(tm6369) and set-2(bn129) single mutants (Figure 5A). This cleaglyests thatfp-1
and set-Actin separate pathways or even in separate molecular comiiexegsilate fertility.
We also carried out growth kinetics a@fp-1(tm6369);set-2(bn129) double mutant and
compared tefp-1(tm6369) and set-2(bn129) single mutants. We found that the doutaatmu

grows slower compared to single mutants (FiguBg $aken together, these findings suggest

12
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that even thoughfp-1 and set-2 are key subunits of COMPASS complex, they act in separate

pathways or in separate molecular compsar C. elegans development.
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Discussion

Over the past decade, various research groups have emplibsizeghortance of CFP-1 in
cell fate specification and cell differentiation. However, toatcbution of CFP1 to gene
regulation is not fully understood. In this study, we set oeluoidate the impact of the loss
of CFP-1 on gene induction and development by using cfp-1(tm63@P¥et-2(bn129) C.
elegans mutants. Phenotypic characterisation of cfp-1(tm6369) &2fbe&29) mutants
suggests that CFP-1 and SET-2 play an important role in tieréiid development of C.
elegans. We found that in cfp-1(tm6369) and set-2(bn129) mutantadineion of heat and
salt-inducible genes were significantly higher than the wigety he similar function of CFP-
1 and SET-2 in fertility and in gene induction supports that CRihction in a COMPASS
complex. However, we also found that CFP-1 and SET-2 act in separataysmathvpossibly
on separate molecular complexes to regulate fertility. Furtbrermve found that CFP-1 but
not SET-2 genetically interacts with HDAC1/2 complexes to regulatiétje These findings
suggest a function of CFP-1 outside of the Setl/COMPASS complex. \Masprthat CFP-1
could interact with the COMPASS complex and the HDAC1/2 pleres in a context-

dependent manner (Figus).

CFP-1 and SET-2 are major subunits of the COMPASS complex mabfgorior bulk
H3K4me3[20, 21, 35]Here, we observed that loss of function of CFP-1 or SET-2 results in a
dramatic reduction of the H3K4me3 level. We also observed the mghestion of salt and
heat-inducible genes following the loss of function of CFP-$BF-2. The observed hyper-
induction could be due to an increase in chromatin accessibility ingb@f H3K4me3. This
could be supported by the fact that in yeast H3K4me2/3 représ$ @ene induction by

recruiting histone deacetylase complex called RP[A3$% Recruited RPD3S could promote

14



320 chromatin compaction by deacetylation of nearby histones. $liynignother study suggests
321 that H3K4me3 acts as a memaoyrepress the GAL1 reactivation by recruiting Iswl ATPase
322  which limits the RNA polymerase Il activif}2]. In this study, it was observed that CFP-1
323 genetically interacts with HDAC1/2 complexes in C. elegangldpment. In addition to DNA
324 binding domain, mammalian CFP-1 also contains a PHD domain tid® to H3K4me3 [31,
325 34]. The PHD finger could also be conserved in C. elegansiCBRd CFP-1 may bind to
326 H3K4me3via its PHD domain and helps in the recruitment ofHBPAC complex at the
327 promoter region. HDACs recruited to H3K4me3 sites could deacetiiateearby histone to
328 establish the repressive chromatin state. Thus, restritterginding of transcription factors

329 such as HSF-1.

330 Alternatively, CFP-1 and SET4&ay play an important role in maintaining the structure of
331 chromatin and in the loss of CFP-1 or SET-2 results in inereashromatin accessibility.
332 Therefore, in the loss of function of CFP-1 or SET-2, rate of recruitaié4®F-1 or other TFs
333 could increase. It is also possible that CFP-1 and SE&2piay a role in the activation of
334 stress-inducible genes such as HSF-1 genes. For example,lthairsgres$iSF1 is activated
335 and translocated into the nucleus. CFP-1 and SET-2 magtrict the nuclear localisation of
336 HSF1. Thus, in the loss of function of CFP-1 or SET-2, the rate déautranslocation of
337 HSF1 could have increased, leading to increased gene expression. Aptahsible
338 explanation for the observed hyper induction in the mutantsaisGRP-1 and SET-2 could
339 contribute to gene induction by altering the regulation of RNA polymergB®lill) pausing.
340 Paused Pol Il is found in the promoter of hsp genes, and are primed foriptms activation
341 inresponse to a stimul@3]. CFP-1 and SET-2 could act as regulators to maintain paused Pol
342 Il'in the promoter regions and prevent the burst of transcription.

343
344 In previous studies, it has been suggested that CFP-1 and SET-thhékpsnaintenance of
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345 germ cell integrity and loss of function of CFP-1 or SET-2 resalincreased expression of
346 somatic genes in the germ cdll®, 35, 64] Furthermore, loss of function of SET-2 or CEP-
347 results in a downregulation of genes involved in reproduction and embrglemelopment
348 [65]. Here we observed significant reduction in the average brood size dpth(tm6369)
349 and the set-2(bn129) mutants. The observed reduction in the breodfgioth the mutants

350 could be due to the downregulation of genes that are required fatyfamidi reproduction.

351 Reduced fertility and slow growth phenotype of cfp-1(tm6369) and set-2(bmi@@nts
352 suggest that CFP-1 and SET-2 could act in same pathway ttateedbe fertility and
353 development in C. elegans. Surprisingly, we observed that the broodfsites cfp-
354 1(tm6369);set-2(bn129) double mutant was significantly lower shagle mutants suggesting
355 that CFP-1 and SET-2 might act in different pathways orafeocular complexes to regulate
356 fertility and development. Additionally, we observed thaslof key subunits of HDAC1/2
357 complexes resulted in a synergistic reduction of average braedosithe cfp-1(tm6369)
358 mutant but not oset-2(bn129) mutant. Observed synergistic reduction in the brood sifpe of
359 1(tm6369) mutant upon RNAI of key subunits of HDAC1/2 complexes could betalue
360 misregulation of genes involved in fertility. It is possible tG&tP-1 together with SET-2,
361 regulate the expression of some set of genes involved in fertility antbpenent, and CFP-1
362 together with HDAC1/2 complexes, regulate the other set ofsgenmlved in fertility.
363 Recently, it has been observed that loss of function of-ZESIN-3 and CFP-1 results in a
364 downregulation of genes involved in reproduction and embryonic developmeaf.sAme
365 sets of genes are mis-regulated onlgfpal and set-2 mutants, and some are only in cfp-1 and

366  sin-3 mutantg65].

367 In previous stuesit has been observed that CFP-1, but not SET-2, can suppress the synthetic

368 multivulva phenotype in C. elegans [21, 64, unpublised data]. Synifayeast, it has been
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observed that Sppl (yeast ortholog of cfp-1) exist in the Mer2-8ppiplex[66]. This
suggests that CFP-1 can also exist in other molecular corspexiefunction independent of
SET-2/COMPASS complex. Here we observed that CFP-1 but not SETr&tistgenetically
with HDAC1/2 complexes to regulate fertility. Recently, it heen suggested that CFP-1 is
present in Sin-3/[HDAC complexes in C. elegans [65]. It is possible thatlG$-RIso present

in other HDAC1/2 complexes (CHD-3 and SPR-1).

Similar function of CFP-1 and SET-2 in gene induction and H3K4me@ification suggest
that CFP-1 function within SET-2/COMPASS complex. The observedZSHEbdependent
interaction of CFP-1 with HDAC1/2 complexes suggests that CFR+Exiat in HDAC1/2

complexes. Based on these finding, we propose that CFP-1 otarktt with Setl/COMPASS

and/or HDACs complexes in a context-dependent manner (Figure 6).

Materials and methods

Strains and their M aintenance

The following strains were used for experimental purpose. N2(wildstgee-2(bn129), cip-
1(tm6369), mys-4(tm3161), set-2(bn129); mys-4(tm316fp),L(tMm6369); mys-4(tm3161), cbp-
1(ku258), rmis288:fp-1(tm6369);rmis288, set-2(bn129);rmis288, kbis5[gpdhGpP+rol-
6(sul006)], cfp-1(tm6369);kbls5, cfp-1(tm6369);kbis5, spr-1(ok2144), set-2(bn129);spr-
1(ok2144), cfp-1(tm6369);spr-1(ok2144), sin-3(tm1276), set-2(bn129);sin-3(tm1276), and
cfp-1(tm6369);sin-3(tm1276). Worms were maintained at 20 °C unlessl statetandard
growth condition. They were grown on Escherichia coli OP50 sebldsdatode Growth

Medium (NGM) petri plates.
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Western Blot

Embryos obtained from bleached adult worms were transferretb iml Falcon tubes
containing 10 ml of M9 buffer. Tubes were left on a shaker overni@it & to obtain starved
L1 worms. Starved L1 (3.2-3.5 x30worms were pelleted in M9 buffer and snap-frozen at
—80 °C. Pellets were recovered in lysis buffer (50 mM Tris-Cl (pH 8), 300 mM NaCl, 1 mM
PMSF, 1 mM EDTA, 0.5% Triton X-100 and protease inhibitor cocktail @>&tal., 2011).
These worms were sonicated at 20% amplitude for 5-10 secondsgphiseas repeated two
times. Lysed samples were centrifuged at 12,000 rpm for 15 minutes at 4 °C, and supernatants
were collected. Protein concentration in the supernatant wasuneel by the Bradford method.
These samples were resolved on SDS-PAGE where 50 pg of tashpmas loaded in each
well. The protein was transferred to the nitrocellulose memhuwaimg BioRed western blot
system at 25V, 1 A for 1 h. The membrane was cut into two pagsd on the molecular
weight of tubulin ~50 kDa, and Histone3 ~15 kDa. Membranes were imcuidth 5% non-
fat milk in TBST (Tris-buffered saline, 0.1% Tween 20) for 1 h and spkes#ly incubated
overnight at 4 °C with 1:5,000; anti-H3K4me3, 1:5,000; anti-H3 or 1:5,80@:tubulin
antibodies. The membrane was washed twice with TBST and indulikel:5,000 dilutions
of HRP-linked secondary antibodies. After incubation with $keeondary antibody, the
membrane was washed thrice with TBST for 10 min. After thénstep, the membrane was
developed by super signal west pico plus chemiluminescent substnaten@ Scientificand
imaged using Alliance Q9 advanced gel imager (Uvitec, CamBiri8gee H3 and H3K4me3
were of similar molecular weight, we loaded the same sar(gdese amount) in two different
wells of the same gel. We used one set of samples for H3 detection and tordt#t3K4me3
detection. H3 and tubulin were used as loading controls. The foljcavitibodies were used
for western blot analyses: mouse monoclonal anti H3K4me3 (Whadumicals), polyclonal

rabbit anti-total H3 (Abcam) and mouse monoclonal anti-tubulin (Sigma).
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Brood size assay

For brood size at 20 °C, either ten L4 worms were picked argféraed to an individual plate

or 3-5 L4 larvae per plate were picked onto two to thratepl Worms were transferred onto
new plates every day or every other day until laying ceasddl@étes were counted for a total
number of eggs and were stored at 20 °C-#%#48 h and subsequently scored for the number
of live progeny. Animals that crawl out of the plates argd Veere not included (Xiao et al.,

2011).

For Brood size at 25 °C, twenty L4 worms were picked from 20 tWteamsferred to new
OP50 seeded plates. They were allowed to lay eggs for overngfht@t Next day, all mother
worms were picked and transferred to new plates and left on.89viothers from new plates
were removed, and eggs were allowed to reach L4 at 25 °C. From tipdatevten L4 worms
were picked and transferred to an individual plate. Worme wansferred into new plates
every day or every other day until they stop laying. Old plats counted for a total number
of eggs on plates and were stored at 25 °G2dr48 h and subsequently scored for the number
of live progeny. For the Mrt assay, brood size of subsequent generation at 25a€sazed.

Animals that crawled out of the plates and lost were not included.

Student T-tests were performed to investigate the potential interaetimeen the two genes.
Under null hypothesis, where no genetic interaction betwe®ngenes is assumed, the
expected brood size of the double mutants (or RNAI knockdown of a genaglearsutant)
is the product of the brood size of the single mutants (aylesimutant and the RNAI

knockdown of the gene in a wild-type) divided by the average brimec§wildtype. A one-
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441 sided T-test is done to compare the expected (under nuisgs) brood size with the

442 observed brood size of double mutants (or RNAIi knockdown of a gene inla siaant).

443
Broodgene ; X Brooden,
Broody, = Brood,,,
Broody,, = Expected Brood size of double mutant (or RNAI) under the null hypothesis
Broodgen. 1 = Actual Brood size of first mutant (or RNAI)
Broodg... ; = Actual Brood size of second mutant (or RNAi)
Brood,,+ =Actual Brood size of Wild-type
444
445

446  Growth Kinetics assay

447  Twenty-forty synchronised L4 worms were picked from 20 °C and trandfesraew OP50

448 seeded plates. They were allowed to lay eggs for overnigt@ &C. Next day, all mother
449 worms were picked and transferred to new plates to layagdgeft for 5-6 h. Mothers from
450 the new plates were removed, and eggs were left to grow for 60 or 6&hth&f respective
451 time, worms were transferred to the tubes, washed twiceM@tlbuffer, frozen in methanol
452 for 1 hat-20 °C. After 1 h, worms were washed twice with M9 buffdrstiained with 1 ng/mL
453 DAPI for 10 min. After staining, worms were washed three timis M9 and transferred in
454  to microscope slides. Worms were visualized by fluorescericeoscopy. We scored the

455 development stage of the worms using gonad structure.
456

457 Heat shock experiment
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For reporter assay, synchronized first-day young adult worms grov20 2C were heat
shocked at 35 °C for 1 h and left to recover for 4 h. Worms were observgdandRP filter

on a Leica MZ10 F fluorescence microscope for the expressionGiferry. For gPCR,
synchronized first-day young adult worms (n=130-150) grown at 20 °C heateshocked at
33 °C for 1 h. After heat shock worms were collected, washed ihres with M9 and snap

frozen at -80 °C.

Salt induction experiment

For reporter assay, starvetl-stage worms were placed on NGM plates containing 52 mM and
150 mM NaCl. After 72 h worms were observed unadiuorescence microscope for the
expression of GFP. For gPCR, starkddstage worms (n=130-150) were placedNGM
plates containing 52 mM and 150 mM NaCl. After 72 h worms wereatetlewashed three

with M9 and snap frozen at -80 °C.

RNAI Screening

Indicated RNA1 clones were streaked on plates containing ampicillin (100 pg/mL) and
tetracycline (100 pg/mL) and incubated overnight at 37 °C. The overnight culture was
inoculated in a 2ml LB with ampicillin (100 pg/mL) and incubated for 6-8 h at 37 °C in a
shaking incubator. The grown bacterial culture was seeded oacaNi@M plate containing
ImM IPTG andl100 pg/mL ampicillin. Seeded plates were dried at room temperature then

incubated for 24 h at 37 °C. To all RNAi experiment except for hda-1, L1 wornesspetted
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481 on RNAi plates, and their progeny(F1) were used for the experimentsd&d RNAI, spotted
482 L1 (PO) were used for all the experiments.

483
484 RNAI sensitivity assay

485 Three L3/L4 (PO) worms are transferred from OP50 seeded plates tipi¥0, unc-15 and
486 hmr-1 RNAI plates. Worms are left to grow for 48 hours before beingfeaed to fresh RNAI
487 plates. After 24 hours the worms are transferred again to aRish plate. Brood size is
488 counted for each plate, and the sum is divided by three to give averageibeooittise worm
489 as a control. The severity of phenotype in dpy-10 RNAi wassasdeéby comparing the body
490 length of mutant worms (F1) with wild-type (F1) in dpy-10 RNAI. koic-15, a number of
491 adult worms (F1) that are able to move their body aretedufror hmr-1, the percentage of

492 dead eggs asmeasured.

493

494  Fertility assay of TSA treated worms

495

496 NGM plates containing 4 pM Trichostatin A (TSA) or Dimethylfexide (DMSO) were
497 prepared. OP50 containing 4 uM TSA or DMSO was spotted on respeleties. @.1(P0)
498 worms were transferred into TSA or DMSO plates and incubat@l‘&t. Either ten L4 worms
499 were picked and transferred to an individual plate, or 3 L4 waengplate were picked in
500 three TSA or DMSO plates. Fertility was assayed at 20 °C.

501

502

503 RNA extraction and gPCR
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505

506

507

508

509

510

511

512

RNA was extracted using Direct-zol RNA miniprep. Extracted RNA rgasrse transcribed

to obtain cDNA using iScript cDNA synthesis kit (Bio-Rad). gPCR wasformed with
SYBR® Green (Biorad). Fold change ©8X2C8.1 F44E5.4 and hsp-16.2) heat shock genes
and gpdh-1(salt inducible genersimeasured using 2*“ formula. tha-1 and pmp-3 were
used as a reference gene to calculate the fold change. Ratdjec was calculated by
normalizing the heat shocked or salt treated worms to controhtedre/orms. Fold change of
mutants relative to wild-type were presented on the graph. iR was performed on three

biological replicates.
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Figure. 1 cfp-1(tm6369) isaloss of function allele. (A) Diagrammatic representation of the
cfp-1(tm6369) allele. 254 bp encompassing exon 5 (F52B11.1a.1) and part of the intron
upstream and downstream region is deleted. The deleted region is ohébgdbe dashed
line. Black colour denotes the exon and grey colour denotes the CpG binding domain. (B)
Western blot analysis showing the reduced level of H3K4me®ih(tm6369) and set-
2(bn129) mutants compared to wild type. Histone 3 (H3) and tubulin were usecdhdsg lo
control. This figure is representative of one biological replicate. (C and fa) Grwod size
assay for wild-type (grey), cfp-1(tm6369) (blue) and set-2(bn129) (red) mutants. (C) The
average brood size ofp-1(tm6369) and set-2(bn1pfhutants was significantly reduced
compared to wild-type at 20 °C. For the figure, two biological replicaézs wombined
(n=10 in each replicate). (D) Fertility was severely compromised at 258C, % of cfp-
1(tm6369) and set-2(bn129) mutants were sterile. For the figure, two biologicehtepl
were combined (n=10 in each replicate). (E) Mortal germline phenotype aissp-
1(tm6369) and set-2(bn129) mutamdfp-1(tm6369) mutant was completely sterile at F2

generation. For the figure, two biological replicates were combinelD(im each replicate).
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(F) Developmental progress dp-1(tm6369), set-2(bn129) and wild-type embryos
monitored after 60 h at 20 °C. cfp-1(tm6369) and set-2(bn129) mutants disptagbastic
delays in development from an embryo into a young adult. The figareerage of two
independent experiments (n > 30 per strain in each experiment. Combinieer miranimals
from two replicates: WT(172cfp-1(tm6369)101),set-2(bn129{137)). Pvalues were

calculated using the student t-test: ** = P<0.01.
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Figure 2. Loss of cfp-1 or set-2 resultsin stronger expression of inducible genes. (A) The

VP198 (gpdh-1p::GFP) strain contains GFP downstream of a gpdh-1 prowtotdr is

expressed in worms when shifted to a higher concentration to{1%€l mM). (B) Table

showing the percentage of GFP positive and negative worms. L1smeere grown at

hypertonic conditiosn (150 mM) for 72 h. Higher percentage of COMPAS&ntsushow

stronger GFP induction compared to kbis5 in a wild-type backgrotihis experiment has

been repeated, and similar result was observed (n>30 peristesinh replicate). (QQPCR

of the gpdh-1 transcript at hypertonic condition (150 mM) in wilcetygrey),cfp-1(tm6369)

(blue) and set-2(bn129) (red) mutants. gpdh-1 expression level is higlieli{tm6369) and

set-2(bn129) mutants relative to wild-type treated to higher salt coatent pmp-3 and tba-

1 genes were used for normalisation. The figure is average of 3 ballogplicates (n=130-
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150 in each replicate). (heAM722 (hsp70p::mCherry) strain contains an mCherry reporter
gene downstream of an hsp-70 promoter which is expressed durtrghbek. (+) moderate
expression, (++) stronger expression of mCherryT@le showing the percentage of worms
expressing mCherry. Worms were heat shocked at 35 °C for 1 h and left thesover for 4

h. COMPASS mutants show stronger mCherry induction compareomks288. This
experiment has been repeated, and similar result was observed (m>8Bapein each
replicate)(F) gPCR of transcript of heat shock ge@d2C8.1F44E5.4 and hsp-16.2 in wild-
type (grey),cfp-1(tm6369) (blue) and set-2(bn129) (red) mutants before and afterhoe&t s
at 33°C for 1 hC12C8.1,F44E5.4 and hsp-16.2 relative transcript levels are highefpin
1(tm6369) and set-2(bn129) mutants compared wild-type heat shockedlsarpmp-3 and
tba-1 genes were used for normalisation. The figure is average aldgibal replicates
(n=130-150 in each replicate). For figures C and F, statisticsdoe in delta Ct values. P-
values were calculated using the student t-test: **= P<0.01r Bars represent + standard

error of the mean (SEM
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752 Figure 3: cfp-1 genetically interacts with class | HDAC but not with HATs to regulate
753 fertility. (A-C) Brood size assays showing no genetic interactions betefiednand HATS
754 using RNAI knockdown. A multiplicative method was used to identifyether two genes
755 interact to regulate fertility or not. (A) Brood size of wild-&ypWT) (grey), cfp-1(tm6369)
756 (blue) and set-2(bn129) (red) mutants upon hat-1 RNAI. For control, woers f&d on
757 HT115 E. coli strain that has empty RNAI feeding vector (EV). RNAI kdown of hat-1 did
758 not havea significant impact on the brood size @p-1(tm6369) or set-2(bn129) mutants, as
759 compared to the EV RNAI controls. Two replicates were caetbfor the figure (n=15 in each
760 replicate). (B) Brood sizes of wild-type (grey), mys-4(tm3161) (grey), dim€369) (blue),
761 set-2(bn129) (red), cfp-1(tm6369);mys-4(tm3161) (blue) and set-2(bn129);mys-4(tm3161)
762 (red) mutants at 20 °C. The average brood sizgpef (tm6369); mys-4(tm3161) double mutant
763 was reduced brood size compared to the single mutants. However, the diffedemnoel size
764 is not synergistic (based on the Null hypothesis T-test). Two replis@®escombined for the

765 figure (n=10 in each replicate). (C) Brood sizes of WT (grey) and dy238) (green) mutant
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upon RNAI of EV,cfp-1 and set-2. Brood sizes of cbp-1(ku258) on RNAI of cfp-1 or set-2 was
similar to EV. Two replicates were combined (n=9-10 in eaphcate). (D and E) Brood size
assays showing genetic interactions betwsdieil and class | HDACs using RNAi knockdown.
(D) Average brood size of wild-type (greyfp-1(tm6369) (blue) and set-2(bn129) (red)
mutants upon hda-1 RNAI. hda-1 RNAi resulted in a higher percentage ofaritblethality

at F1, so fertility was assayatlP0. RNAi knockdown of hda-1 resulted in a reduction in brood
size in both wild-type andfp-1(tm6369) and set-2(bn129) mutants. Null hypothesis t-test
(refer to the methods section) showed a synergistic interactiedehda-1 and cfp-1 but not
set-2. Three biological replicates were combined the figux&(Q in each replicate). (H)he
average brood size on RNAI knockdown of hda-2 or hda-3 in wild-type (gfpyd(tm6369)
(blue) and set-2(bn129) (red) mutants. Brood sizefpfl(tm6369) mutants was further
reduced in these RNAI but had no significant impact on the brood size2(bsdi29) mutant.

Three biological replicates were combined for the figure (n=10-15cim regplicate)
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Figure 4. Synergistic interaction between CFP-1 and HDAC1/2 complexes

Brood size assays showing genetic interactions betwipeh and class 1/2 HDACs using
RNAI knockdown (A), double mutants (B and C) and HDACSs inhibitor (Dinétiplicative
method was used to identify whether two genes interact to redertliey or not. For control,
worms are fed on HT115 E. coli strain that has empty RNAI feedingngey). (A) Average
brood sizes of wild-type (greygfp-1(tm6369) (blue) and set-2(bn129) (red) mutants upon
RNAI of sin-3or spr-1 or chd-3. Brood size of cfp-1(tm6369) mutants was further réduoice
these RNAI but had no significant impact on the brood size of(batt29) mutant. Three
biological replicates were combined for the figure (n=10-15 cheaplicate) (B) Average
brood size of sin-3(tm1276) mutantdp-1(tm6369);sin-3(tm1276) (blue) double mutant was
sterile. Brood size of set-2(bn129);sin-3(tm1276) (red) was sinaléne brood size of sin-
3(tm1276) (grey) showing no genetic interaction. Two biological repkcatre combined for

the figure (n=10 in each replicate). (C) Average brood size of spr-1(ok2144) mutearizsgé
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brood size otfp-1(tm6369);spr-1(ok2144blue) mutant was significantly lower compared to
single mutants, whereas the brood size of set-2(bn129);spr-1(ok2Id)dn(r&ant was similar
to set-2(bn129) (red) mutant. Two biological replicates were combingdedigure (n=10 in
each replicafe (D) Brood size of wild-type (grey), cfp-1(tm6369) (blue) and set-2(bn{28)
mutants treated with control (DMSO) or Trichostatin A (TSA). &g brood size offp-
1(tm6369) mutant was slightly but significantly reduced whentddeavith TSA. Three
biological replicates were combined for the figure (n=9-10 irh eaplicate). P-values wer

calculated using the one-tailed student t-test: ** = P<0.01, * = P<0.05.
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806 Figure 5: cfp-1 and set-2 independently regulate fertility and growth. (A) Brood size of
807 wild-type (grey), cfp-1(tm6369) (blue), set-2(bn129) (red) and cfp-1(tm63&A(lsvl129)
808 (green) mutants at 20 °C. The average brood size of cfp-1(tm6369)a&l2f double mutant
809 was significantly reduced compared to single mutants, however the différelmod size is
810 not synergistic (based on Null hypothesis T-test). Three badbgeplicates were combined
811 for the figure (n=10 in each replicate). P-values were calculated useribed student t-test:
812 * = P<0.05. (B) Developmental progress of wild-typ#-1(tm6369), set-2(bn129) and cfp-
813 1(tm6369);set-2(bn129) embryo monitored at 68 h at 20ciE1(tm6369);set-2(bn129)
814 mutants grow slower thanfp-1(tm6369) and set-2(bn129) single mutants. The figure is
815 average of two independent experiments (n>30 per strain in eachnexperCombined
816 number of animals from two replicates: WT (129), cfp-1(tm6389), set-2(bn129) (103) and
817 cfp-1(tm6369);set-2(bn129L71)).
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Figure 6: Proposed model indicating that CFP-1 cooperates with SET-2/COMPASS

and/or with HDACs in a context-dependent manner. Canonical function of CFP-1 is to
recruit SET-2/COMPASS complex at promoter regions by binthbg unmethylated CpG
island. The non-canonical function of CFP-1: CFP-1 could alsoitddDAC complexes at
promoter region to deacetylate the histones. Based on the physbtagndition CFP-1 could

either interact with the COMPASS complex or with HDAC complexes
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