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ABSTRACT

Mutations in SMARCAL1, which encodes a DNA annealing helicase with roles in DNA replication fork
restart, DNA repair, and gene expression modulation, cause Schimke immuno-osseous dysplasia
(SIOD), an autosomal recessive disease characterized by skeletal dysplasia, renal disease, T-cell
immunodeficiency, and arteriosclerosis. The clinical features of SIOD arise from pathological
changes in gene expression; however, the underlying mechanism for these gene expression
alterations remains unclear. We hypothesized that changes of the epigenome alter gene expression
in SIOD. To test this, we performed a genetic screen for interaction between Marcall, the Drosophila
melanogaster ortholog of SMARCAL1, and the genes of the trithorax group (trxG) and Polycomb
group (PcG), which encode epigenetic regulators. SMARCALT and Marcall genetically interacted
with trxG and PcG members. A homozygous null mutation of Marcall suppressed the wing-to-
haltere transformation, ectopic Ultrabithorax (Ubx) expression, and ectopic Ubx minigene expression
caused by PcG deficiency. The suppression of ectopic Ubx expression correlated with reduced
chromatin accessibility of the Ubx promoter. To our knowledge, this is the first in vivo evidence for
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deficiency of a SMARCALT ortholog altering the chromatin structure of a gene.

Introduction

Mutations in SWI/SNF-related matrix-associated actin-
dependent regulator of chromatin, subfamily A-like 1
(SMARCALLI) cause Schimke immuno-osseous dyspla-
sia (SIOD, OMIM 242900).! SIOD is an autosomal
recessive multisystemic disease characterized by dis-
proportionate short stature due to skeletal dysplasia,
renal disease due to focal segmental glomerulosclerosis,
T-cell immunodeficiency, and arteriosclerosis.>” Addi-
tional features of the disease include hypothyroidism,
bone marrow failure, and abnormal dentition.*>*

SMARCALI mutations exhibit age-dependent pen-
etrance, variable expressivity, and poor genotype-phe-
notype correlation.”'* Furthermore, deficiency of the
SMARCALI orthologs in the mouse and fly are insuf-
ficient to cause disease in the absence of other genetic
or environmental insults.'* These observations suggest
that the molecular mechanism underlying SIOD is
sensitive to genetic, epigenetic, environmental, and
stochastic influences.

SMARCALI1 encodes an ATP-dependent DNA
annealing helicase that maintains genomic integrity
through its roles in DNA replication fork restart and
DNA repair.”” " The clinical features of SIOD appear
to arise from pathological gene expression changes
due to SMARCALI deficiency.”***' Interleukin 7
receptor « (IL7R) deficiency contributes to the T-cell
immunodeficiency, elastin (ELN) deficiency to the
arteriosclerosis, and Wnt and Notch overexpression to
the renal disease.”?**' The underlying mechanism for
these gene expression alterations remains unclear.

One modulator of gene expression is chromatin
structure.”> Transcriptionally active chromatin gener-
ally has an open conformation, whereas transcription-
ally silent chromatin has a closed or compact
conformation. The trithorax group (trxG) and Poly-
comb group (PcG) complexes regulate chromatin
structure through post-translational histone modifica-
tions and chromatin remodeling to activate or silence
gene expression, respectively.”>** The trxG and PcG
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members were discovered in Drosophila as regulators
of homeotic gene expression during development. The
precise spatial and temporal expression of homeotic
genes defines segmentation and patterning of organ-
isms during development,* and failure of this expres-
sion leads to homeotic transformation, that is, the
transformation of one body part into another. For
example, loss of PcG function causes a homeotic
transformation of the mesothoracic legs (T2), and
often the metathoracic legs (T3), toward the protho-
racic legs (T1).>°*” This transformation manifests as
the development of sex combs, a characteristic of the
prothoracic legs in males. Loss-of-function trxG alleles
also lead to homeotic transformations; >°
loss-of-function trxG alleles suppress the extra sex
combs induced by loss-of-function Polycomb (Pc)
mutations.”!

several

A well-studied homeotic gene regulated by trxG
and PcG is Ultrabithorax (Ubx).>*** During develop-
ment, Ubx expression specifies the metathorax (T3),**
which is characterized by halteres, a balance organ in
the adult fly. Loss of Ubx expression transforms the
metathorax (T3) toward the mesothorax (T2), and
manifests as a haltere-to-wing homeotic transforma-
tion.*® In contrast, gain of Ubx expression in the
developing wing transforms the mesothorax (T2)
toward the metathorax (T3), and manifests as a wing-
to-haltere homeotic transformation.***”***” The trxG
and PcG proteins mediate Ubx epigenetic memory of
active and silent transcriptional states through cis-reg-
ulatory elements known as Polycomb/trithorax
response elements (PREs).***® The trxG and PcG pro-
tein complexes are constitutively bound to PREs in
both active and silent Ubx states; however, the trxG
histone methyl transferase ash1 is bound to a region
approximately 1 kb downstream of the transcription
start site only in the active state.’® Although extensive
trimethylation of H3K27, H3K9, and H3K20 is
observed in the silent state, these repressive histone
modifications are absent in the promoter and 5" cod-
ing region of Ubx in the active state; % thus, trxG and
PcG proteins modify the chromatin structure of Ubx
to promote the activation or repression of Ubx.

Replication fork stalling-associated DNA damage
causes epimutations and alterations in gene expres-
sion.**** Because SMARCALLI has roles in DNA repli-
cation fork restart and DNA repair, we hypothesized
that epimutations cause the pathologic gene expres-
sion changes identified in SIOD patient tissues.
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Suggesting that epimutations underlie these pathologi-
cal gene expression changes is the recent observation
of increased methylation of the IL7R promoter in
SMARCALI1-deficient T cells; this is a known cause of
reduced IL7R expression.”**

To test further whether deficiency of SMARCALI
orthologs alters chromatin structure and gene expres-
sion, we performed a genetic screen in Drosophila mel-
anogaster for the interaction of SMARCALI orthologs
with mutants of trxG and/or PcG members. Finding a
genetic interaction, we then observed that a homozy-
gous null mutation of the Drosophila melanogaster
ortholog Marcall suppressed ectopic Ubx expression
caused by loss of PcG function and that this suppres-
sion correlated with compaction of the Ubx promoter
as measured by loss of micrococcal
sensitivity.

nuclease

Results

Human SMARCAL1 and Drosophila Marcal1
genetically interact with trithorax group (trxG) and
Polycomb group (PcG) members

To determine whether human SMARCALI or Dro-
sophila Marcall genetically interact with the trxG or
PcG members, we overexpressed human SMARCALI
and Drosophila Marcall using the GAL4-UAS system
in Drosophila melanogaster. Overexpression of human
SMARCALI using the wing-specific GAL4 driver
MS1906-GAL4 or Drosophila Marcall using the ubiqg-
uitously expressed GAL4 driver tubulin-GAL4 leads
to ectopic wing veins that can be scored for suppres-
sion or enhancement.'* Several members of the trxG
and PcG suppressed or enhanced the ectopic wing
veins induced by human SMARCALI and Drosophila
Marcall overexpression (Table 1).

To characterize these interactions better, we studied
the effect of the heterozygous or homozygous muta-
tion of Marcall (i.e., Marcall®’* or Marcal1?V?"y on
the well-characterized phenotypes of several trxG and
PcG alleles. The trxG member brahma (brm) encodes
the ATP-dependent helicase of the brahma chroma-
tin-remodeling complex;** expression of the domi-
nant-negative allele brm" ***"
and reduced eyes.*>** Homozygous mutation of Mar-
call enhanced this phenotype (Fig. 1A). The PcG
members Polycomb (Pc), Posterior sex combs (Psc),

in the eye causes rough

Sex combs on midleg (Scmm), and polyhomeotic proxi-
mal (ph-p), and encode members of the polycomb
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Table 1. Suppressors and enhancers of the ectopic wing vein
phenotype induced by the overexpression of Drosophila Marcal1
and human SMARCALT.

Effect on Effect on human
Drosophila Marcal1 SMARCALT
overexpression  overexpression
Gene Allele’ phenotype phenotype
Trithorax group

ash1 B1 S S
ash2 1 0 0
EY03971 0 0
brm 2 S S
doo415 S S
Iswi 1 S S
2 S S
kis 1 E E
k13416 0 0
EY12846 S S
mor 1 E E
osa 00090 S S
308 S S
EY09619 E E
Snr1 01319 S S
trx 1 0 0
E2 0 0
z 1 S S
a S S
a694 S S

Polycomb group

Asx 1 S S
XF23 S S

EY07384 E E

am 7 E E
EY05302 E E

E(Pc) 1 S S
EP608 0 0

E(z) 32 S S
61 S S

esc 21 0 0
KG07458 0 E

Pc 1 E E
3 E E

6 E E

Pcl 1 S S
EY08457 E E

pho 1 0 0
b 0 0

ph-d 401 E E
BG02139 E E

VA174 E E

ph-p 15 S 0
410 S S

lac 0 0

Psc 1 S S
h27 S S

k07834 S S

psq D91 0 0
E39 S S

F112 S S

Sce 1 E E
Scm D1 0 0
Su(z)2 1 S E
1.al 0 0

1.b7 0 0

k06344 0 0

'All alleles were analyzed in heterozygosity.
Abbreviations: 0, neither a suppressor nor an enhancer; E, enhancer;
S, suppressor.

repressive complex 1.>>*” The loss-of-function Poly-
comb allele Pc’ in heterozygosity led to ectopic wing
veins, which were suppressed by the heterozygous

mutation of Marcall (Fig. 1B). Additionally, manifest-
ing as extra sex combs, the mutant alleles Pc’, Psc’,

410 in hemi-

and Scm®' in heterozygosity and ph-p
zygosity caused a homeotic transformation of the
mesothoracic legs (T2), and often the metathoracic
legs (T3), toward the prothoracic legs (T1).>* Het-
erozygous mutation of Marcall suppressed and
homozygous mutation of Marcall further suppressed
this homeotic transformation (Fig. 1C); heterozygous
or homozygous mutation of Marcall alone did not
lead to a homeotic transformation of the mesothoracic
legs (T2) toward the prothoracic legs (T1) (unpub-
lished data). These observations suggest that Marcall
genetically interacts with several members of the trxG
and PcG.

Marcal1 deficiency suppresses the derepression of
Ultrabithorax (Ubx) expression associated with
deficiency of Polycomb activity

The loss of PcG function not only causes homeotic
transformation of the mesothoracic legs but also a
wing-to-haltere transformation via derepression of
Ubx expression in the developing wing>®*"*%%
Homozygous mutation of Marcall suppressed the
partial wing-to-haltere transformation induced by the
loss-of-function alleles Pc’ and ph-p*'’ in heterozygos-
ity (Fig. 1D), as well as the ectopic expression of Ubx
in the wing imaginal disc (Fig. 1E). This epistatic
interaction between the homozygous mutation of
Marcall and the PcG alleles Pc’ and ph-p*’® in hetero-
zygosity was not limited to the endogenous Ubx gene
located at 89D, but also occurred with a Ubx pro-
moter-lacZ transgene (PBX-PREp-IDE-Ubx-lacZ)
inserted at 46D (Fig. 1F).”®

To determine if the homozygous mutation of Mar-
call caused these changes in Ubx expression by alter-
ing binding of Marcall to the Ubx promoter, we
performed chromatin immunoprecipitation (ChIP)
and DNA adenine methyltransferase identification
(DamlID) analyses of the Ubx promoter in embryos
and Kc157 cells, respectively; however, neither method
detected Marcall binding (data not shown). To deter-
mine therefore if the homozygous mutation of Mar-
call effected these changes in Ubx expression
indirectly through alteration of chromatin structure,
we performed a micrococcal nuclease (MNase)-South-
ern blot assay of the endogenous Ubx promoter.
Because MNase is an endo-exonuclease that induces
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Figure 1. (For figure legend, see page 564.)
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double-strand DNA breaks within nucleosome linker
regions, MNase digestion of chromatin followed by
Southern blot analysis assesses the chromatin accessi-
bility of a region of interest.*>*’ Electrophoretic sepa-
ration and ethidium bromide visualization of
nucleosome-protected DNA samples from Marcall™*
and Marcall’’*" adult flies after partial digestion
with MNase demonstrated a nucleosomal DNA ladder
with mono-, di-, tri-, and tetranucleosomal fragments
(Fig. 1G). Upon Southern blot hybridization using a
probe against the Ubx promoter, we observed
decreased detection of low molecular weight nucleoso-
mal DNA fragments and increased detection of high
molecular weight nucleosomal DNA fragments in
Marcal1%7% flies (Fig. 1G). We conclude, therefore,
that the homozygous mutation of Marcall reduced
MNase digestion of the Ubx promoter consistent with
compaction or closure of the Ubx promoter.

Discussion

We have demonstrated that SMARCALI and Marcall
genetically interact with trxG and PcG members, and
that the homozygous mutation of Marcall suppresses
the derepression of Ubx expression associated with
the deficiency of Polycomb activity. The altered Ubx
gene expression due to the homozygous mutation of

Marcall correlates with the expected phenotypic
change as well as reduced chromatin accessibility of
the Ubx promoter. To our knowledge, this is the first
report of the deficiency of a SMARCALI ortholog
associating with altered chromatin accessibility of a
promoter.

We have previously observed that SMARCALI
deficiency pathologically increases or decreases gene
expression to contribute to the vascular, immune, and
kidney diseases of SIOD;*>*! however, the mecha-
nism by which SMARCALI deficiency alters the
expression of these genes is unknown. We considered
4 nonexclusive hypotheses for SMARCALLI deficiency
altering gene expression including 1) an effect of
SMARCALI on transcription, 2) an effect of SMAR-
CALI on gene promoter structure, 3) an effect of
SMARCALL1 deficiency through unrepaired DNA
lesions impeding transcription, and 4) an effect of
SMARCALI1 deficiency on gene expression through
replication stress-induced alterations of chromatin
structure.

Regarding the first potential mechanism, SMAR-
CAL1 might alter gene expression as part of the RNA
polymerase complex. We previously observed that
Marcall preferentially binds promoters and transcrip-
tionally active chromatin and genetically interacts
with genes encoding components of the transcription

Figure 1. (see previous page) The heterozygous and homozygous mutation of Marcall genetically interact with trithorax group (trxG)
and Polycomb group (PcG) members and suppress the ectopic expression of Ultrabithorax induced by PcG loss-of-function mutations.
(A) Homozygous mutation of Marcall enhances the small and rough eye phenotype induced by the eye-specific expression of the domi-
nant negative allele brm™®#®. (B) Heterozygous mutation of Marcall suppresses the ectopic wing veins (arrows) induced by the Pc’ allele
in heterozygosity. The boxed regions in the overview image correspond to the higher magnification images on the right. (C) The male-
specific sex combs are a dense row of bristles on the prothoracic legs and allow for successful mating. Loss-of-function PcG mutant
alleles ph-p*'° in hemizygosity and Pc’, Psc’, and Scm®’ in heterozygosity cause a homeotic transformation of the mesothoracic legs
(T2), and often the metathoracic legs (T3), to the prothoracic legs (T1). Extra sex combs that are characteristic of the prothoracic legs are
therefore observed on the mesothoracic and metathoracic legs due to loss of silencing of homeotic genes by the PcG proteins. Hetero-
zygous mutation of Marcall suppresses and homozygous mutation of Marcall further suppresses the extra sex comb phenotype of the
mesothoracic legs of these PcG mutant alleles. Data are presented as bar graphs of the percentage of mesothoracic legs with 1-3 sex
comb bristles (light gray), 4-6 sex comb bristles (medium gray), or >7 sex comb bristles (dark gray). Diamonds denote genotypes that
were not assessed due to their lethality. Statistical significance of the data was assessed using the Student’s t-test. n.s., not significant;
*** p < 0.001. (D) Homozygous mutation of Marcall suppresses the partial homeotic transformation of the wing to haltere induced by
the heterozygous mutation of ph-p*™® and Pc’. (E) Immunostaining of wing imaginal discs for Ultrabithorax from ph-p*'%*; Pc'/* (left
panel) and ph-p*’”*; Marcal1%¢/#¢!: pc”* (right panel) larvae. Homozygous mutation of Marcall suppresses the ectopic expression of
Ultrabithorax (a-Ubx) induced by the heterozygous mutation of ph-p*’® and Pc’. Scale bars: 100 wm. (F) Immunostaining of PBX-
PRE,-IDE-Ubx-lacZ wing imaginal discs for S-galactosidase (a-S-gal) in the background of ph-p*’*; Pc”* (left panel) and ph-p*'%*;
Marcal1%?€!. pc+ (right panel) larvae. Homozygous mutation of Marcall suppresses PBX-PREy-IDE-Ubx-lacZ reporter gene expression
induced by the heterozygous mutation of ph-p*’® and Pc’. Scale bars: 100 m. (G) Photograph of an agarose gel stained with ethidium
bromide (EtBr) following electrophoretic separation of nucleosome-protected DNA samples from Marcal1’+* and Marcal1%€/%¢! adult
flies after Sphl restriction digestion and partial digestion with micrococcal nuclease (MNase) (left panel). For Southern blot analysis of
the Ultrabithorax (Ubx) promoter (right panel), Ubx promoter-specific DNA was detected using a probe against the transcription start
site of Ubx (lower panel). Note that Marcal1"*®! decreases MNase sensitivity of the Ubx promoter. Abbreviations: bp, base pairs; DAPI,
4, 6-diamidino-2-phenylindole; EtBr, ethidium bromide; ey>brm*** eyeless-GAL4, UAS-brm"®**"; MNase, micrococcal nuclease; MW,
molecular weight; Pc, Polycomb; PcG, polycomb group; ph-p, polyhomeotic proximal; Psc, posterior sex combs; Scm, Sex comb on mid-
leg; trxG, trithorax group; Ubx, Ultrabithorax.



factor machinery.'* However, evidence against this
model includes 1) the failure of SMARCALL orthologs
to co-purify or co-immunoprecipitate with RNA poly-
merase II°°°* and 2) the failure of RNA polymerase I
to co-purify or co-immunoprecipitate with SMAR-
CALL1 or Marcall."*

Regarding the second potential mechanism, SMAR-
CAL1 deficiency might influence gene expression by
altering the promoter structure of a gene or of a regu-
lator of that gene. Indeed, Sharma et al. have demon-
strated that bovine SMARCALLI is able to negatively
regulate the transcription of MYC by altering the con-
formation of its promoter in an ATP-dependent man-
ner.”> Alternatively, SMARCALI1 deficiency might
indirectly alter expression of a gene of interest by
effects on upstream regulators, such as transcription
factors or microRNAs. Indeed, increased expression
of microRNA regulators of ELN in an SIOD aorta
appear to contribute to the elastin deficiency observed
in the SIOD aorta.>* Further studies are, however,
required to define the nature and distribution of the
chromatin conformational changes and the mecha-
nism(s) by which SMARCAL1 is recruited to
promoters.

Regarding the third potential mechanism, SMAR-
CALLI deficiency might alter gene expression through
unrepaired DNA lesions impairing RNA polymerase
IT progression. Such DNA lesions are repaired by tran-
scription-coupled nucleotide excision repair (TC-
NER).”® Although SMARCALL is recruited to sites of
DNA damage and has roles in DNA repair,'>'**° evi-
dence against this model includes 1) the insensitivity
of SMARCALL1-deficient dermal fibroblasts to ultravi-
olet light-induced transcriptional inhibition, which
induces DNA damage that is repaired by global-
genome nucleotide excision repair (GG-NER) and
TC-NER and 2) the insensitivity of SMARCALI-defi-
cient dermal fibroblasts to illudin S, which induces
DNA damage that is repaired exclusively by TC-
NER.”

Regarding the fourth potential mechanism, SMAR-
CALLI deficiency might alter gene expression through
replication stress-induced alterations on chromatin
structure. The function of SMARCALL1 as a DNA rep-
lication stress response protein required for replica-
tion fork restart has been clearly established.'>"
There is also increasing evidence that replication stress
leads to both transient and permanent alterations in
chromatin structure that change gene expression.**™**
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SMARCALL1 deficiency might, therefore, indirectly
alter gene expression through replication stress-
induced alterations of chromatin structure.

Sources of replication stress include DNA lesions,
DNA secondary structures, misincorporation of ribo-
nucleotides, collision of the replication and transcrip-
tion machinery, and depletion of factors required for
efficient DNA replication.”® Consequently, DNA dam-
age from replication stress is unevenly distributed
throughout the human genome and also differently
distributed in the genomes of different species. This
latter observation could explain the poor modeling of
SIOD in other organisms.

This model of replication stress-induced epimuta-
tions is consistent with prior findings of DNA topo-
logical structural changes in the context of the
deficiency of SMARCALL orthologs including
1) SMARCALI-deficient cells having increased S1
nuclease sensitivity when pulsed with potassium per-
manganate,” 2) SMARCALI-deficient T cells showing
increased methylation of the IL7R promoter that cor-
responds with the reduced expression of IL7R,** and
herein, 3) Drosophila Marcall deficiency suppressing
derepression of the Ubx gene due to PcG mutations
via reduced accessibility of the Ubx promoter.

This study provides evidence for the deficiency of
SMARCALI orthologs altering chromatin structure
and gene expression. Observations in SIOD patient
tissues have shown that a trait of interest can arise
from either increased or decreased expression of key
genes in tissues of SIOD patients.”*>*' Some gene
expression changes appear to arise from effects of
SMARCALI activity at promoters,”> whereas others
might arise from epigenetic changes induced by repli-
cation stress. Future genome-wide studies to assess the
relationship between chromatin structure as well as
epigenetic marks and gene expression will provide
valuable insight into the mechanism by which SMAR-
CALLI deficiency alters gene expression.

Materials and methods
Drosophila melanogaster lines

The Drosophila Marcall overexpression transgenic
line UAST-Marcall/CyO; tubulin-GAL4/TM3, Sb" and
the human SMARCALI overexpression transgenic
line MS1096-GAL4; UAST-SMARCALI have been
previously described.'* The C96-GAL4 UAS-Hrs/
MKRS transgenic line was a kind gift from Dr. Hugo
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Bellen (Baylor College of Medicine, Houston, TX,
USA). The UAS-brm*®**® transgenic line was a kind
gift from Dr. Jessica Treisman (New York University,
New York, NY, USA).** All overexpression lines uti-
lized the GAL4-UAS system in which tissue-specific
expression of the yeast transcriptional activator GAL4
drives expression of a gene of interest through the
upstream activating sequence (UAS).*

The amorphic allele Marcall® was generated by
imprecise P element excision and has been previously
described.'® The loss-of-function Polycomb allele Pcl,
Posterior sex combs allele Psc’, Sex combs on midleg
allele Scm™”, and polyhomeotic proximal allele ph-p*'°
were obtained from the Bloomington Drosophila Stock
Center (Bloomington, IN, USA). The Polycomb allele
Pc® was obtained from the Kyoto Stock Center (Kyoto,
Japan). The Enhancer of zeste alleles E(z 32 and E(2)°!
were a kind gift from Dr. Thomas Grigliatti (Univer-
sity of British Columbia, Vancouver, BC, Canada).
The Imitation SWT alleles Iswi’ and Iswi’ were a kind
gift from Dr. John Tamkun (University of California,
Santa Cruz, CA, USA). The transgenic reporter line
PBX-PREp-IDE-Ubx-lacZ was a kind gift from Dr.
Jirg Miiller (Max Planck Institute of Biochemistry,
Martinsried, Germany).3 8 All other Drosophila stocks
used in this study were obtained from the Blooming-
ton Drosophila Stock Center (Bloomington, IN, USA).

Anti-Marcal1 antibody production

A polyclonal antibody to Marcall was generated in
rabbit by injecting the N-terminus of Marcall (amino
acids 1-400). This domain does not display homology
to other Drosophila proteins by BLASTp. The Marcall
peptide was produced in E. coli using the pET28a
expression system (Novagen, Madison, WI, USA).
The antiserum was further purified by affinity purifi-
cation. The polyclonal antibody is specific by Western
and immunohistochemistry analyses (unpublished
data).

Drosophila genetic studies

The Drosophila Marcall and human SMARCALI
overexpression screen was carried out at 28°C and has
been previously described.'**' Drosophila have 5 lon-
gitudinal veins (L1, L2, L3, L4, and L5) as well as an
anterior and posterior cross vein (ACV and PCV);
overexpression of Marcall and SMARCALI leads to
an ectopic vein parallel and anterior to L2, an ectopic

vein extending laterally from the PCV, a partially
missing or completely absent ACV or PCV, and distal
bending or splitting of longitudinal veins L2, L4, and
L5."%?! We screened for trxG and PcG alleles that lead
to the suppression or enhancement of the ectopic
wing veins induced by the overexpression of Marcall
and SMARCALI. Ectopic wing veins observed in the
F; progeny of the crosses were scored as previously
published.'**' The reference wing vein phenotype was
determined by crossing Marcall overexpression flies

to W1118

mutants of 3 genetic backgrounds; the scores
from these crosses were averaged to provide a refer-
ence score. To determine whether there was any non-
specific interaction between the various mutant alleles
and the GAL4-UAS system, all mutant lines were
crossed to the C96-GAL4, UAS-Hrs/MKRS transgenic
line and the degree of wing margin scalloping in the
desired F; progeny was scored. Any mutant alleles
that interacted with the GAL4-UAS system (i.e., those
that enhanced or suppressed the wing margin scallop-
ing phenotype of the C96-GAL4, UAS-Hrs/MKRS
transgenic line) were excluded; all mutant alleles pre-
sented here had no detectable non-specific interac-
tions with the GAL4-UAS system. Ten or more wings
were analyzed for each cross and scored by 2 indepen-
dent readers. Scores for each cross were compared to
the reference scores to determine whether the wing
vein phenotype was suppressed or enhanced. Where
there was a discrepancy between the first 2 reads, a
third read was completed by C. F. B.

All other crosses to assess the effect of Marcall®*
and Marcall?”*! on the well-characterized pheno-
types of trxG and PcG alleles were performed at 25°C.
Representative images of eyes or wings were acquired
using an MZ16 Stereomicroscope (Leica Microsys-
tems, Buffalo Grove, IL, USA).

Immunostaining of wing imaginal discs

Wing imaginal discs were dissected in 1x phosphate-
buffered saline (PBS) on ice. Following fixation with
4% paraformaldehyde for 4 minutes, the wing imagi-
nal discs were washed 2x with washing buffer (0.1%
Tween 20, 1x PBS) for 15 minutes, blocked with
blocking buffer (20% bovine serum albumin, 2% nor-
mal goat serum, 0.1% Tween 20, 1x PBS) for 1 hour,
and then incubated with mouse anti-Ultrabithorax
(1:200, FP3.38, Developmental Studies Hybridoma
Bank, University of Iowa, Iowa City, IA, USA) or



mouse anti-B-galactosidase (1:200, Promega, Madi-
son, WI, USA) primary antibody diluted in blocking
buffer overnight at 4°C. Samples were then washed
6x with washing buffer for 15 minutes and incubated
with a fluorophore-conjugated secondary antibody for
4 hours at room temperature. Samples were washed
6x with washing buffer for 15 minutes and the nuclei
stained with 4, 6-diamidino-2-phenylindole (DAPI,
1:1,000, Fluka, St. Louis, MO, USA). Representative
images of wing imaginal discs were acquired using an
Axiovert 200 inverted microscope, an AxioCam MR
microscope camera, and the AxioVision software ver-
sion 4.0 (Carl Zeiss Microscopy, Thornwood, NY,
USA).

Chromatin immunoprecipitation (ChIP)

Formaldehyde cross-linking of chromatin from Dro-
sophila  embryos was performed as previously
described.®' Briefly, Marcall™ and Marcal1%/*
embryos were dechorionated with 3% NaOCI in
Embryo Wash Buffer (0.4% NaCl, 0.03% Triton X-
100) and extensively washed with Embryo Wash
Buffer. The samples were then cross-linked with
Cross-linking Solution (1.8% formaldehyde, 1 mM
EDTA, 0.5 mM EGTA, 100 mM NaCl, 50 mM
HEPES, pH 8.0) in the presence of n-heptane for 15
minutes; the cross-linking reaction was stopped by
centrifuging the samples at 16,100 x g for 1 minute
and resuspending the samples in Stop Solution
(0.125 M glycine, 1x PBS, 0.01% Triton X-100). The
samples were then sequentially washed in Wash Solu-
tion A (10 mM HEPES pH 7.6, 10 mM EDTA pH 8.0,
0.5 mM EGTA pH 8.0, 0.25% Triton X-100) and
Wash Solution B (10 mM HEPES pH 7.6, 200 mM
NaCl, 1 mM EDTA pH 8.0, 0.5 mM EGTA pH 8.0,
0.01% Triton X-100). Samples were resuspended in
1 ml Lysis Buffer (1% SDS, 10 mM EDTA, 50 mM
Tris, pH 8.1) and sonicated. Chromatin immunopreci-
pitations of formaldehyde cross-linked chromatin
from embryos were performed using the ChIP Assay
Kit (Upstate/Millipore, Billerica, MA, USA) as previ-
ously described. 30 il of Protein A agarose beads were
incubated with 20 ul of rabbit anti-Marcall antibody
prior to incubation with sonicated lysates. The Ubx
promoter and the upstream bxd cis-regulatory domain
of Ubx were amplified by PCR using primers that have
been previously described.®?
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DNA adenine methyltransferase identification
(DamiD)

DamlID analysis of Marcall binding was performed as

previously described.'*%*

Micrococcal nuclease-Southern blot assay

Nuclei purification and chromatin digestion with
micrococcal nuclease (MNase) were performed as
previously described,* with the following modifica-
tions. Nuclei were isolated from Marcall*’* and
Marcal1*/*" flies using NucBuster
Reagent 1 from the NucBuster Protein Extraction
Kit (TB338, Novagen, Madison, WI, USA). Adult
flies were homogenized using a Dounce homoge-
nizer (Wheaton, Millville, NJ, USA) and the homog-
enate was filtered using glass wool. The filtrate was

Extraction

vortexed for 15 seconds, incubated at 4°C for 5
minutes, vortexed for 15 seconds, and centrifuged at
16,100 x g for 5 minutes to pellet the nuclei. The
nuclei were resuspended in RSB buffer (10 mM
NaCl, 3 mM MgCl,, 10 mM Tris-Cl, pH 7.5, 0.5%
NP-40, protease inhibitor) and adjusted to 1 mM
CaCl, for MNase digestion; each sample was
digested with 9 U of MNase (N3755, Sigma-Aldrich,
St. Louis, MO, USA) at 37°C for 5 minutes. The
reaction was terminated by the addition of EDTA to
5 mM. The subsequent RNase A digestion, protein-
ase K digestion, and DNA extraction were per-
formed as previously described.®*

Southern blot analysis was performed as previously
described,’* with the following modifications. Ten
micrograms of nucleosome-protected DNA were
digested with the Sphl restriction enzyme overnight;
the Sphl restriction enzyme cuts within intron 1 of
Ubx and approximately 6.8 kb upstream of the
transcription start site of Ubx (Fig. 1G). The DNA was
re-isolated by ethanol precipitation, separated by
agarose gel electrophoresis, and then transferred to a
nitrocellulose membrane. To detect Ubx promoter-
specific nucleosome-protected DNA, a probe to the
Ubx promoter was generated by PCR amplification
using the 5-GATTGGGAACTGAAACTGTAGTC-3
forward primer and 5-CCGCTGATAATGTGGA-
TAATAAAAC-3" reverse primer and radioactively
labeled with®* P using the Amersham Rediprimer II
DNA Labeling System (RPN1633, GE Healthcare,
Pittsburgh, PA, USA).
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Statistical analysis

For the genetic interaction studies assessing the effect
of the heterozygous or homozygous mutation of Mar-
call on the homeotic transformation of the protho-
racic legs to the mesothoracic legs by the PcG mutant
alleles, statistical significance of the data was evaluated
by the 2-tailed Student’s t-test. p values were corrected
for multiple comparisons using the Bonferroni
method. A p value of less than 0.05 was considered to
be statistically significant.

Abbreviations

brm brahma

ChIP chromatin immunoprecipitation

DamlID DNA adenine methyltransferase
identification

ELN elastin

IL7R interleukin 7 receptor « chain

MNase micrococcal nuclease

Pc Polycomb

PcG Polycomb group

ph-p Polyhomeotic proximal

PRE Polycomb/trithorax response element

Psc Posterior sex combs

Scm Sex comb on midleg

SIOD Schimke immuno-osseous dysplasia

SMARCAL1 SWI/SNF-related matrix-associated
actin-dependent regulator of
chromatin, subfamily A-like 1

trxG trithorax group

UAS upstream activating sequence

Ubx Ultrabithorax
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