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Supplementary Fig. 1. Quality control of fly RNAi knockdown lines. (a) Quality control strategy for RNAI lines of 16p11.2 homologs. The level
of knockdown was checked using qPCR (Supplementary Fig. 1c), followed by insertion site mapping of GD lines and checking tiptop and numb
overexpression in KK lines. We screened a total of 44 RNA. lines for 16p11.2 homologs and selected 31 RNA. lines for our knockdown experiments.
(b) Flynotyper scores of KK and GD control eyes with GMR-GAL4>Dicer2 and GMR-GAL4 without Dicer2, and number of proliferating cells. We
found no significant differences in the phenotypes of GD and KK controls (n=7-12, Mann-Whitney test). (c) Scatter plot comparing gene expression
(mRNA) of 11 homologs of 16p11.2 genes with GMR-GAL4 and Elav-GAL4 drivers. A high correlation was observed between knockdown lines
using the two drivers (Pearson correlation, r=0.8877). (d) Phenotypic scores of UAS-tio and UAS-numb with GMR-GAL4 at 30 °C. The Flynotyper
scores for each overexpression line were significantly higher compared to control (n=5-8, Mann-Whitney test, *p<0.05). (e) Flynotyper scores of
UAS-GFP crosses with 16p11.2 homologs used in two-locus interaction studies show no difference in the eye phenotypes of flies with one UAS
versus two UAS lines (n=8-11, Mann-Whitney test). (f) Plot comparing manual count versus ImageJ Analyze Particles count of number of
proliferating cells. While high correlation (Pearson correlation, r=0.9599, p<0.0001) was observed between the two methods, all results shown in the
text for number of proliferating cells were counted manually. All boxplots indicate median (center line), 25" and 75" percentiles (bounds of box),

and minimum and maximum (whiskers).
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Supplementary Fig. 2. Neurodevelopmental defects in flies with knockdown of individual 16p11.2 homologs. (a) Assessment of motor defects
in 16p11.2 homologs with Elav-GAL4 and no Dicer2 showed changes in climbing ability over ten days compared to control (two-way ANOVA,
F=1.6199, df=27, p=0.0286). Data represented here shows mean + standard deviation of 10 independent groups of 10 flies for each line. (b)
Assessment of frequency of spontaneous unprovoked seizure events (Fisher’s Exact test, n=10-20, *p<0.05) and average number of seizure events
per fly (Mann-Whitney test, n=3-17, *p<0.05) for seven 16p11.2 homologs with Elav-GAL4>Dicer2 and two homologs, PPP4CPP41C and
ALDOA® with Elav-GAL4 and no Dicer2. Error bars for seizure frequency indicate binomial proportion confidence intervals. Three top homologs
were selected for further validation with a larger sample size (Fig. 2c). (c) Assessment of neuromuscular junction features for 16p11.2 homologs. “+”
indicates a significant change compared to control (p<0.05, Mann-Whitney test), while “ns” indicates no change in that feature. (d) Representative
confocal images of NMJs for knockdown of five 16p11.2 homologs (scale bar=20 um). DOC2A™" MAPK3", and CORO1A®" used Elav-
GAL4>Dicer?2 at 25°C, while PPP4CPP+1C and ALDOA used Elav-GAL4 without Dicer2 at room temperature. () Representative confocal live
images of class IV da neurons labeled with mCD8-GFP under the control of ppk-GAL4 are shown for three 16p11.2 homologs and control (scale
bar=25 um). Red circles on the control image indicate the circles used in Sholl analysis. (f) Line plot of the number of intersections at each
concentric circle (two-way ANOVA, p=0.0027, df=5, F=3.76). Intersections were calculated by manual Sholl analysis. Data represented here shows
mean + standard deviation of 10-16 flies per genotype for each circle. All boxplots indicate median (center line), 25" and 75" percentiles (bounds of

box), and minimum and maximum (whiskers).
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Supplementary Fig. 3. Adult eye phenotypes of one-hit knockdown models of 16p11.2 homologs. (a) Representative brightfield microscope
images of fly eyes displaying eye-specific knockdown for each 16p11.2 homolog at 30°C with GMR-GAL4>Dicer?2 driver (scale bar=50 um). (b)
Flynotyper scores for 29 tested GMR-GAL4>Dicer2 lines of 16p11.2 homologs. Twenty-one lines had significantly higher Flynotyper scores
compared to the control (n=3-19, Mann-Whitney test, *p<0.05). Two tested lines, FAM57BCC1784 (lethal) and CDIPTP*-?, are not shown in this
figure. (c) Box plot of Flynotyper scores for knockdown of 13 tested homologs of 16p11.2 genes with GMR-GAL4 and no Dicer2. Nine of the 13
tested homologs had significantly higher Flynotyper scores than the control (n=5-13, Mann-Whitney test, *p<0.05). (d) Comparison of percentile
ranks for Flynotyper scores of GMR-GALA4 lines of 16p11.2 homologs and other neurodevelopmental genes with and without Dicer2 (Supplementary
Table 2). Select 16p11.2 genes are highlighted in red. Percentiles of homologs with Dicer2 correlate to percentiles of homologs without Dicer2
(Pearson correlation, r=0.6853, p=2.877x10), showing that relative severity of the eye phenotype is not affected by Dicer2. All boxplots indicate

median (center line), 25" and 75" percentiles (bounds of box), and minimum and maximum (whiskers).
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Supplementary Fig. 4. Cellular eye phenotypes of one-hit knockdown models of 16p11.2 homologs. (a) Representative confocal images of the
pupal eye (scale bar=5 pum) and larval eye disc (scale bar=30 um) illustrate the defects observed in eye-specific knockdown of four 16p11.2
homologs with GMR-GAL4 driver and no Dicer2 (other homologs are shown in Figs. 5a and 6e). (b) Representative confocal images of pupal eyes
stained with phalloidin and DAPI (scale bar=5 pm) for 16p11.2 homologs illustrate defects in photoreceptor cell counts, and larval eye discs stained
with BrdU and anti-Elav (scale bar=30 um) show the effects of knockdown on cell proliferation and differentiation, respectively. No significant
differences in the number of differentiating cells were observed in either knockdown when compared to control. (c) Eye images of control, PTENt"
and KCTD13¢C10465 knockdown flies (scale bar=50 um) highlighting regions (white hexagons) used to calculate the average size of each
ommatidium. KCTD13¢10465 knockdown flies were raised at 27 °C due to severity of the eye phenotype at 30 °C. Both knockdowns showed an
increase in ommatidial diameter compared to their respective controls (n=100, *p<0.05, Mann-Whitney test). Boxplot indicates median (center line),

25" and 75" percentiles (bounds of box), and minimum and maximum (whiskers).
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Supplementary Fig. 5. Flynotyper screening of interactions between 16p11.2 homologs. (a) Representative Flynotyper scores for 19 crosses of
MAPK3" with eight 16p11.2 homologs that modify the one-hit MAPK3" phenotype (n=3-15, Mann-Whitney test, *p<0.05). Concordant results from
two or more lines were required to identify positive interactions. Because single knockdown of FAM57BCC1784L s partially lethal, the two-hit model
with MAPK3" is considered suppression. (b) Representative Flynotyper scores for 14 crosses of KCTD13%C1%465 wjith six 16p11.2 homologs that
modify the one-hit KCTD13%C19465 phenotype (n=3-17, Mann-Whitney test, *p<0.05). Because RNAi knockdown of FAM57BCC1781 s partially
lethal, the two-hit model with KCTD13%¢104% is considered as a suppression of the lethality phenotype. (c) Representative Flynotyper scores for 11
crosses of PPP4CPP419C with six 16p11.2 homologs that modify the one-hit PPP4CPP419¢ phenotype (n=6-20, Mann-Whitney test, *p<0.05). Even
though only one line each of MAPK3™ and CORO1A" showed significant changes compared to the one-hit control, the second lines tested showed
suppression of the glossy eye phenotype or a trend towards enhancement of the phenotype, respectively, which were indicative of validated
interactions. (d) Representative Flynotyper scores for KCTD13%C1%465 two-hit crosses with MAPK3" and PPP4CPP+1°C gt different temperatures (n=5-
13, Mann-Whitney test, *p<0.05). We suspected that the enhanced eye phenotypes at 30 °C were due to severity of KCTD13C10465 knockdown, and
confirmed a significant enhancement of the eye phenotype for KCTD13CC10465ppp4CPra-19C gt 25 °C. () A heat map of the change in manual eye
scores of DOC2A™" two-hit knockdowns with other 16p11.2 homologs compared to DOC2A™" one-hit flies.
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Supplementary Fig. 6. Cellular phenotypes and human gene interactions of 16p11.2 homolog pairs. (a) Representative confocal images of
pupal eye (scale bar=5 pum) and larval eye disc (scale bar=30 pum), stained with anti-Dlg and anti-pH3 respectively, of double knockdown of
KCTD13C%10465/MAPK 3" and KCTD13C¢1485/TAOK 2921, (b) Assessment of proliferating cell count in the larval eyes shown in Supplementary Fig.
6A (n=9-11, Mann-Whitney test, *p<0.05). Boxplot indicates median (center line), 25" and 75" percentiles (bounds of box), and minimum and
maximum (whiskers). (c) Table summarizing the cellular defects observed in the pupal eyes of one-hit and two-hit 16p11.2 homologs knockdown.
“+” symbols indicate the severity of the observed cellular defects, while “Supp” indicates that the cellular defects were suppressed in the two-hit
models. (d) Interaction network of fourteen tested 16p11.2 genes in the context of a brain-specific gene interaction network®. Nodes with black
borders represent 16p11.2 genes, while white borders represent 25 connector genes. The size of the nodes represents a predictive score for the
involvement of each gene in autism, and colors of the edges represent confidence in the annotated interactions. (€) Interaction network of fourteen
tested 16p11.2 genes in the context of a general human gene interaction network (GeneMania)?. Black-shaded nodes represent the input 16p11.2
genes, while grey nodes represent the connector genes. Edge color represents interaction data source (purple: co-expression, orange: predicted
interaction). Note that the 16p11.2 distal gene TUFM is connected to MAPK3, C160RF53, and DOC2A, consistent with the interactions identified in
fly models.
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Supplementary Fig. 7. Interactions of 16p11.2 homologs with neurodevelopmental genes. (a) Representative eye images (scale bar=50 um) and
Flynotyper scores for 22 crosses of MAPK3" with 13 neurodevelopmental genes that modify the one-hit MAPK3" phenotype (n=3-12, Mann-Whitney
test, *p<0.05). Concordant results from two or more lines were required to identify positive interactions. (b) Representative eye images (scale bar=50
um) and Flynotyper scores for 18 crosses of KCTD13¢¢1%465 wiith eight neurodevelopmental genes that modify the one-hit KCTD13¢¢1%465 phenotype
(n=6-18, Mann-Whitney test, *p<0.05). While the Flynotyper score of KCTD13%C10465/CTNNB12™-2 is not significant, it is considered to be an
enhancer since black spots were observed in the eyes with double knockdown. (c) Representative eye images (scale bar=50 um) and Flynotyper
scores for eight crosses of PPP4CPP419C with five neurodevelopmental genes that modify the one-hit PPP4CPP41%C phenotype (n=10-12, Mann-
Whitney test, *p<0.05). While PPPACPP+19C/ATP2A1™ did not have a significant Flynotyper score, we considered this interaction to be an
enhancement due to its glossy eye phenotype. (d) Representative eye images (scale bar=50 um) and Flynotyper scores for 10 crosses of DOC2A™"
with five neurodevelopmental genes that modify the one-hit DOC2A™" phenotype (n=3-10, Mann-Whitney test, *p<0.05). (e) Representative
confocal images of pupal eyes stained with phalloidin and DAPI in control and double knockdowns of MAPK3"/PTEN®®" MAPK3"/COX6A2°X6AL
and KCTD13CC10465/ R AF1CC14607 (scale bar=5 pm). (f) Table summarizing the cellular defects observed in the pupal eye of one-hit MAPK3" and
KCTD13¢%1045 flies compared to double knockdown of MAPK3"/PTEN®®" MAPK3"/COX6A2°6AL and KCTD13CC10465/RAF1CC14607 1 symbols
indicate the severity of the observed cellular defects, while “Supp” indicates that the cellular defects were suppressed in the two-hit models. All

boxplots indicate median (center line), 25" and 75" percentiles (bounds of box), and minimum and maximum (whiskers).
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Supplementary Fig. 8. Functional enrichment of differentially-expressed genes in 16p11.2 knockdowns. (a) Heatmap showing selected Gene
Ontology biological process terms whose component genes have significantly higher (blue) or lower (orange) expression values in the six 16p11.2
homolog knockdowns compared to wild-type control (p<0.01 corrected by Benjamini-Hochberg method, Parametric Analysis of Geneset Enrichment
test). (b) Network of all differentially-expressed cell proliferation genes in each 16p11.2 knockdown model. Edges connect 16p11.2 genes (hub
nodes) to differentially-expressed genes (outer nodes). Thick node borders indicate genes related to neurodevelopmental diseases, while the node

color represents neurodevelopmental function of those genes.
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Phenotypic effects of selected 16p11.2 genetic interactions
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Supplementary Fig. 9. A complex interaction model for pathogenicity of 16p11.2 deletion. (a) Representative Flynotyper phenotypes of 16p11.2
pairwise knockdowns showing enhancement or suppression of the one-hit phenotypes in the Drosophila eye. Error bars indicate mean + standard
deviation of Flynotyper scores for the selected genotypes (n=6-14 samples). Epistatic enhancer and suppressor interactions were confirmed using
two-way ANOVA tests (p<0.05, df=1, F>4.5202; see Supplementary Data 8). (b) In the human 16p11.2 deletion, modifier genes elsewhere in the
genome can modulate the effects of multiple CNV genes (left) through shared cellular pathways (right), allowing complex interactions between pairs
of CNV genes to ultimately influence the observed neurodevelopmental phenotypes. Colored arrows represent suppression, blue, or enhancement,

red, of the phenotypes caused by single-gene knockdown.
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SUPPLEMENTARY TABLES

Supplementary Table 1. Drosophila homologs and model organism phenotypes of 16p11.2 genes

Human Fly ortholog DIOPT Query Percentage | E value Drosophila Zebrafish Mouse
gene score coverage identity phenotypes phenotypes phenotypes
(aa)
> 9
) D ﬂ — »
>, 81 9 2 % ] 2| 8
= D Y= 0 —_ Y= [<3) D o
TS| |30 |e | @5 3|le|S|& | o |
S| D S| I I ITSTI=9l x| & |2
355|382 2|8 82 8= % 8
2| | 2| = S 3 = E|l o | S| g — S
ST | 2| 2| 5 c c|s|s5|S5| & S|
z2|E8|l8|ls |8 |=|&c|5|8|2|8 |5 |5
8| 0| & 3 § S| 8| 5|28l 2|3 |5
== ||l E|2 ‘5 2| o s |2 |O
9 1&8|lg $ 1213 |§ &
w S w | = 5
i
1| CDIPT CG9245 (pis) 10.00 98% 51% 2.00E-71 + + + + + |+ + +
2 | PPP4C CG32505 (pp4-19C) | 9.00 100% 92% 0 o]+ + + |+ + | + | +L +
3 | ALDOA CG6058 (ald) 9.00 99% 69% 0 + |+ + + |+ + | + | ND | ND | ND
4 | YPEL3 CG15309 7.00 94% 82% 1.00E-64 + + |+ + |+ + +
5 | FAM57B CG17841 7.00 93% 30% 2.00E-27 + |+t + |+ |+ |+ |+ |ND|ND|ND
6 | CORO1A CG9446 (coro) 7.00 100% 50% 2.00E-173 + + + o+ + |+ + +
7 | INO8OE CG18004 ! 7.00 29% 65% 2.00E-12
8 | MAPK3 CG12559 (rl) 6.00 89% 82% 0 |+ |+ o+ + |+ + +
9 | KCTD13 CG10465 6.00 79% 63% 1.00E-117 i I i + |+ |+ |+ |+ | ND|ND|ND
10 | TAOK2 CG14217 (dTao-1) 6.00 31% 68% 7.00E-165 + + | ND | + | + + +
11 | TBX6 CG5093 (doc3) 6.00 43% 58% 5.00E-76 + + + |+ i B + +
12 | DOC2A CG11556 (rph) 5.00 75% 38% 9.00E-64 o]+ + + | + +
13 | ASPHD1 CG8421 (asph) 3.00 33% 38% 5.00E-19 ND |+ + + | ND | ND | ND
14 | C160RF53 | CG11750 (pal) 3.00 + + + + | ND | ND | ND
15 | KIF22 CG7293 (klp68D) - 53% 41% 2.00E-64 + ND + i B +
16 | MAZ CG14938 (crol) 1.00 62% 26% 1.00E-29
17 | SEZ6L2 CG1500 (fw) - 29% 30% 7.00E-13
18 | GDPD3 CG3942 - 14% 39% 6.00E-12
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19 | SPN CG13409 31% 28% 1.8
20 | C160RF54 | CG6621 25% 33% 15
21 | TMEM219 | CG6280 14% 29% 0.010
22 | QPRT CG15730 - 8% 41% 0.037
23 | PRRT2 No ortholog -

24 | MVP No ortholog -

25 | HIRIP3 No ortholog -

! No RNAI lines were available for CG18004.
*Cellular, immunological, cardiovascular, mortality/aging, hematopoietic, muscular, hearing/vestibular/ear, limbs/digits/tail, endocrine/exocrine glands, renal/urinary system,
homeostasis/metabolism

We queried the Drosophila genome for homologs using DRSC Integrative Ortholog Prediction Tool (DIOPT)3, ENSEMBL database” and reciprocal
BLAST for each of the 25 human 16p11.2 genes. We selected 15 homologs with a DIOPT score of 3.00 or greater, or in the case of KIF224P%P poth
high query coverage and percentage identity in BLAST. Three genes did not have any homologs, and the remaining seven genes with low or no
DIOPT scores had low (<30%) query coverage and/or percentage identity in BLAST. Of the 15 selected homologs, one homolog (INOSQECG18004)
did not have any available RNA. lines. Overall, fly lines of 14 homologs for human 16p11.2 genes were used in this study. Phenotypes due to single
gene knockdown or knockout in Drosophila, mouse® ® and zebrafish” & ® models of the 14 selected homologs are also shown; +: degree of phenotype
severity, L: lethality; ND: phenotype not determined. Gene expression in the Drosophila eye was determined from FlyAtlas'® (adult eye) and

modEncode expression datal! (imaginal disc, larvae L3 wandering) or from previous functional studies®? 131415,
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Supplementary Table 2. Percentiles of Flynotyper scores for one-hit knockdown flies with Dicer2

Gene category Flynotyper Rank Percentile

ATXN2L 2% 16p11.2 distal 63.39 1 97.37%
UBE3AUUbe3A Core gene 59.05 2 94.74%
KCTD13CC10465 16p11.2 58.78 3 92.11%
DOC2A™" 16p11.2 58.61 4 89.47%
PPP4CPP4-19C 16p11.2 57.63 5 86.84%
SH2B1'k 16p11.2 distal 57.47 6 84.21%
CTNNB12™ Core gene 54.60 7 81.58%
TCTEX1D2CC53%9 3029 52.33 8 78.95%
ATP2A1<™ 16p11.2 distal 52.31 9 76.32%
PIGZCe3410 3929 51.92 10 73.68%
ZDHHC192p 3029 49.77 11 71.05%
MAPK3" 16p11.2 49,52 12 68.42%
SHANK3Prosap Core gene 48.99 13 65.79%
CADPS2¢aps Core gene 48.64 14 63.16%
NCBP2¢bp20 3029 47.23 15 60.53%
CHD8"s Core gene 46.41 16 57.89%
SPNS1P" 16p11.2 distal 45,77 17 55.26%
TAOK?2dTa0-1 16p11.2 42.44 18 52.63%
DLG14/¢! 3029 42.04 19 50.00%
PTENdPEn Core gene 40.51 20 47.37%
CCDC101%9/2° 16p11.2 distal 40.02 21 44.74%
KIF22kIP68D 16p11.2 38.48 22 42.11%
TUFMeTM 16p11.2 distal 38.40 23 39.47%
BDH1C¢c8888 3029 38.28 24 36.84%
PAK2P3 3929 36.91 25 34.21%
SCN1APaa Core gene 35.87 26 31.58%
C160RF53ra 16p11.2 35.19 27 28.95%
TBX690%3-2 16p11.2 33.25 28 26.32%
OSTalphat®t836 3029 30.84 29 23.68%
L RRC33CC78% 3929 30.37 30 21.05%
ALDOA?! 16p11.2 30.20 31 18.42%
PCYT1ACH 3029 28.48 32 15.79%
ASPHD12Ph 16p11.2 28.17 33 13.16%
CORO1A%"™ 16p11.2 27.19 34 10.53%
FBXO45™" 3029 26.88 35 7.89%
PIGXCG3038L 3029 26.37 36 5.26%
YPEL3C615309 16p11.2 25.28 37 2.63%
CDIPTP's 16p11.2 23.76 38 0.00%
FAM57BCC17841 16p11.2 NA NA NA
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Average Flynotyper score, rank and percentile for one-hit GMR-GAL4 knockdown of 16p11.2 homologs
(shaded in grey) and other neurodevelopmental genes. FAM57B¢%1784 knockdown caused lethality and was

therefore not ranked.

Supplementary Table 3. Pathogenicity of 16p11.2 genes based on human allele frequency metrics

CNV pLI rank percentile | RVIS percentile
ALDOA 16p11.2 CNV 50.48 18.59
ASPHD1 | 16p11.2 CNV 42.04 28.93
Cl6orf54 | 16p11.2 CNV 25.51
Cl60rf92 | 16p11.2 CNV 51.92 68.98
CDIPT 16p11.2 CNV 79.27 8.75
CORO1A | 16pll1.2 CNV 14.32 21.41
DOC2A 16p11.2 CNV 52.01 19.73
FAM57B | 16p11.2 CNV 36.03 26.23
GDPD3 16p11.2 CNV 86.01 57.15
HIRIP3 16p11.2 CNV 51.91 79.52
INOSOE 16p11.2 CNV 52.27 48.12
KCTD13 | 16pl11.2 CNV 21.89 30.07
KIF22 16p11.2 CNV 79.74 34.88
MAPK3 16p11.2 CNV 32.46 26.23
MAZ 16p11.2 CNV 14.36
MVP 16p11.2 CNV 56.27 12.05
PAGR1 16p11.2 CNV 29.88
PPP4AC 16p11.2 CNV 22.81 44.54
PRRT2 16p11.2 CNV 35.65 81.38
QPRT 16p11.2 CNV 27.57 80.73
SEZ6L2 16p11.2 CNV 41.52 6.58
SPN 16p11.2 CNV 43.63 34.60
TAOK?2 16p11.2 CNV 6.13 0.60
TBX6 16p11.2 CNV 49.77 50.22
TMEM?219 | 16p11.2 CNV 64.55 38.58
YPEL3 16p11.2 CNV 41.94 66.57
ELN Williams syndrome 76.94 47.20
GTF2I Williams syndrome 541
KANSL1 | 17¢g21.31 syndrome 4.48 30.95
NSD1 Sotos syndrome 0.53 3.24
RAI1 Smith-Magenis syndrome 5.68 0.25
SHANK3 | Phelan-McDermid syndrome 4.13
TBX1 DiGeorge syndrome/VCFS 11.13
UBE3A Prader-Willi/Angelmans syndrome | 4.93 19.54

Rank percentiles of EXAC loss-of-of function constraint metric (pLI) and intolerance to variation (RV1S) scores
are shown for all 16p11.2 genes and causative genes for select syndromic CNVs. The pLI and RVIS rank
percentile scores for several 16p11.2 genes, including TAOK2, CORO1A, PPP4C, KCTD13, MAPK3, and MAZ,
are similar to known pathogenic and disease-associated genes, indicating that they all share an importance in

human development.
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