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Maltase-glucoamylase (MGAM) and MGAM2 both belong to the glycoside hydrolase family 31. MGAM, a thera-
peutic target for type 2 diabetes, isα-1,4-glucosidase and expressed in the intestine to catalyze starch digestion.
MGAM2, however, is largely uncharacterized. By investigating The Cancer Genome Atlas data, we found that
among breast cancer subtypes, MGAM2 expression is nearly exclusive to basal-like breast cancers (BLBCs),
whereas MGAM tends to express in luminal A breast cancers. Moreover, MGAM2 expression is associated with
better patient survival and correlated with immune genes/signatures, unlikeMGAM. Both genes have emerged
in mammals, but diverged after the placental-marsupial split. In placentals, MGAM2 has likely lost its α-1,4-glu-
cosidase activity due to mutations in key catalytic sites, and has acquired a large domain that is extracellular,
threonine-rich and evolutionarily hypervariable (EHV). Guided by MGAM2 findings, our genome-wide search
identified N1000 human proteins with EHV regions. These proteins are enriched in immune functions and mol-
ecules, including major histocompatibility complex proteins. Their genes are expressed higher in BLBCs and are
associated with better patient survival, likeMGAM2. Their EHV-coding sequences are rich in simple repeats and
harbor more cancer passenger mutations. In conclusion, MGAM2 diverges from MGAM structurally and likely
functionally in placentals. MGAM2 is among N1000 human proteins with EHV regions and associated with im-
mune response. We propose that these EHV molecules may have significant implication in cancer immunother-
apy and BLBC treatment.

© 2019 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and Structural
Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).
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1. Introduction

Breast cancer is a very heterogeneous disease. Several molecular
subtypes, including luminal A, luminal B, HER2-enriched, basal-like
and normal-like, have been identified via PAM50 classification [1,2].
With the shortest disease-free survival and overall survival, basal-
like breast cancer (BLBC) is regarded as the worst subtype [3–5].
Over 70% of BLBCs are triple negative [6–8], expressing neither estro-
gen receptor nor progesterone receptor and without HER2 amplifica-
tion/overexpression. Consequently, therapies targeting hormone
receptors (e.g., tamoxifen) or HER2 (e.g., trastuzumab) are often inap-
plicable. Chemotherapy with drugs such as anthracyclines and taxanes
is the only choice of adjuvant systemic therapy currently available for
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many BLBC patients [9]. Thus, BLBCs present a significant clinical
challenge [3,4,10].

Maltase-glucoamylase (MGAM), anα-1,4-glucosidase that belong to
the glycoside hydrolase family 31 (GH31) [11] of the carbohydrate-
active enzyme (CAZy) database, is well studied. MGAM is an integral
membrane protein with its two catalytic domains, maltase and
glucoamylase, facing the extracellular environment.MGAM is expressed
in the intestine to catalyze thefinal step of starchdigestion to glucose. As
such, MGAM has been a major therapeutic target for treating type 2 di-
abetes [12–14]. FDA approved antidiabetic drugs, such acarbose
(Precose) and miglitol (Glyset), are potent MGAM inhibitors [15,16].

MGAM2 is a homolog of MGAM, emerged via a tandem duplication
event that likely occurred in primitive mammals [17]. It is also a mem-
ber of the GH31 family. However, unlike MGAM, MGAM2 is largely
uncharacterized with functions unknown.

By studying The Cancer Genome Atlas (TCGA) breast cancer RNA-
seq data [6,7], we have found that while MGAM tends to express in
luminal A breast cancers (LABCs), MGAM2 expression is highly specific
to BLBCs. To understand the significance of this,we performed the study
described below.
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2. Methods

2.1. Breast Cancer Data Analyses

RNA-seq and clinical data of breast cancer were downloaded from
TCGA data portal version 5.0 (portal.gdc.cancer.gov). The subtype infor-
mation of these breast cancers was obtained from published studies
[7,18]. Gene expression data of normal tissues were obtained from the
Genotype-Tissue Expression (GTEx) database [19].

Log-rank tests were used for patient survival analyses. Differentially
expressed genes were identified with DES eq. [20]. Pearson and Spear-
man correlation coefficients were both used in correlation analyses.
Two tailed Fisher exact tests andWilcoxon testswere used to determine
the difference of gene expression among different breast cancer sub-
types. Paired t-tests were performed to determine expression differ-
ences between primary tumors and their matching normal tissue
samples. Inmost cases, only geneswith a FPKM (fragments per kilobase
of transcript per million mapped) value of ≥1 in at least one sample
were selected and used in an analysis. All statistical tests were con-
ducted using R package (version 3.0.3). Gene functional enrichment
analysis were performed using GSEA [21] and DAVID [22]. ssGSEA (ver-
sion 9.0.9) were performed with various signature genes.

To identify the intrinsic connection of MGAM2 correlated genes
(Fig. 2B), we calculated a similarity weight wij between gene i and

gene j, given bywij ¼ lijþaij
minðki ;k jÞþ1−aij

, where lij ¼
Pu¼19;817

u¼1 aiuauj and ki ¼
Pu¼19;817

u¼1 aiu, with μ=1, 2,… , 19,817 and representing a gene encoded
in the human genome.We set aij=1 if r N 0.3 and ρ N 0.3,where r and ρ
represent Pearson or Spearman correlation coefficient respectively, and
aij = 0 otherwise.

2.2. EHV Coding Sequence Exon (CDS) and Gene Identification

All analysis is based on the hg38 human genome assembly. PhyloP
scores of 100 vertebrates and 20 mammals were downloaded from
the UCSC genome database (hgdownload.cse.ucsc.edu). We developed
a pipeline (Figs. 3C and S3B) to identify EHV CDSs and genes, based on
these phyloP scores of all coding exons or CDSs in the human genome.
First, we calculated the average phyloP score for each CDS and
selected those CDSs with negative values. Second, we performed

z test, z ¼ ðx−μÞ
ffi
l

p
σ , where x is the phyloP score of a CDS selected above,

μ is themean andσ is the standard deviation of x, and l is the CDS length.
Based on the test, we identified CDSs with significantly lower score at
q b 0.01. Then, we did further selection using cutoffs on minimal CDS
length (45 bp) and phyloP score shown in Fig. 3C and S3B.

2.3. Sequence and Other Analyses

Genomic synteny and annotation data of MGAM2 from various spe-
cies were obtained from both the UCSC and Ensembl (www.ensembl.
org) databases. Simple repeat content data of human genomic regions
were also obtained from the UCSC genome site. Other repeats were
identified by using the RepeatMasker program (version 4.0.7). Protein
subcellular location and other data were obtained from the UniProt
database (released on 2017/07; www.uniprot.org). Cancer mutation
data were obtained from the COSMIC database v81 (cancer.sanger.ac.
uk/cosmic).

2.4. Protein 3D Structure

The crystal structures of ntMGAM [14] and ctMGAM [23] have been
determined. These structures were obtained from the PDB database
(2QLY and 3TON respectively), along with those in complex with
acarbose (2QMJ and 3TOP respectively). No structures of MGAM2
have been published yet. We hence used I-TASSER [24], a popular tool
for protein structure modeling, to predict the 3D structure of ntMGM2
(residues 33–904) and ntMGAM2 (residues 905–1788), with default
parameters and no predefined models. MGAM2 sequence were
aligned to MGAM with the software Multalin [25] to identify putative
active sites.

2.5. Substrate Docking

Substrate docking was performed with AutoDock-Vina (version
1.1.2) [26] with the predicted ntMGAM2 and ctMGM2 structures, to
which hydrogen atoms and partial charge were added with AutoDock-
ADT (version 1.5.6). The substrates being docked include acarbose,
maltose and dextrin. The substrate binding center was set at the mid-
point of D577 and E478 for ntMGAM2 and of D1375 and N1480 for
ctMGAM2. The binding site covers a radius of 25 Å, as suggested by
Atuodock-Vina.

3. Results

3.1. MGAM2 is Expressed in BLBCs while MGAM Tends to Express in LABCs

We examined themRNA expression ofMGAM andMGAM2 in TCGA
breast cancers [7], which consist of 824 primary tumors (420 luminal A,
174 luminal B, 140 BLBC, 65 Her2-enriched and 25 normal-like) from
814 cases (Table S1A). If considering a FPKM (fragments per kilobase
of transcript per million mapped) value of ≥1 as expressed, MGAM
andMGAM2 expression distributes differently among the five subtypes
(Fig. 1A and B). MGAM is expressed in about 14% LABCs but in b10% tu-
mors of other subtypes (p = .05) (Fig. 1B). MGAM2 expression, how-
ever, is highly BLBC-specific (p b 1e-5). MGAM2 is expressed in ~33%
BLBCs, in 24% normal-like breast cancers (which share numerous mo-
lecular features with BLBCs), but in b1% in each of other subtypes
(Fig. 1A; Table S1A). We examined the 2000 breast cancers of the
Molecular Taxonomy of Breast Cancer International Consortium
(METABRIC) [27] and also concluded that MGAM2 is expressed higher
in BLBCs (Fig. S1).

MGAM andMGAM2 are not expressed or expressed lowly in normal
breast tissues. In TCGA normal breast samples (113 total), FPKM values
range from 0 to 4 with a median of 0.08 for MGAM and range 0 to 10
with a median of 1.3 forMGAM2 (Fig. S1). Likewise, normal breast sam-
ples (290 total) from the GTEx database [19] have a TPM (transcripts
per million) range of 0–10.4 for MGAM and of 0–14.2 for MGAM2, with
a median of 0.25 for both genes (Fig. S1).

MGAMandMGAM2both belong to theGH31 family. To determine if
the observed MGAM and MGAM2 expression distribution among the
breast cancer subtypes (Fig. 1A and B) is related to GH31, we investi-
gated other GH31 members. These include SI (sucrase isomaltase),
GAA (lysosomal α-glucosidase) and others. We found none of them re-
sembling MGAM or MGAM2 (Fig. S2A). We also studied GH13, another
family that contains α-glucosidases as well, including amylases and
others. We did not find any MGAM or MGAM2-like pattern either
(Fig. S2B). In summary, neither BLBC-expression of MGAM2 (Fig. 1A)
nor LABC-expression of MGAM (Fig. 1B) is a common feature of either
the GH31 or GH13 family.

3.2. MGAM2 Expression is Associated with Better Patient Survival

By investigating TCGA clinical data, we found that MGAM2 expres-
sion is associated with better patient survival, in both BLBCs and all
breast cancers (Fig. 1A; Table S1B). ForMGAM, however, the association
appears to be unclear (Fig. 1B; Table S1B). These conclusions are sup-
ported by breast cancer cases (3951 total, of which 618 are BLBCs) pre-
sented at the Kaplan-Meier Plotter site (kmplot.com/) [28], investigated
with all datasets combined (Fig. 1; Table S1C) and individual dataset
separately (Fig. S2C).

http://portal.gdc.cancer.gov
http://hgdownload.cse.ucsc.edu
http://www.ensembl.org
http://www.ensembl.org
https://d.docs.live.net/542c98ee61e994e0/Documents/MGAM2_paper/released%20on%202017/07
http://www.uniprot.org
http://cancer.sanger.ac.uk
http://cancer.sanger.ac.uk
http://kmplot.com
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3.3. MGAM2 Expression is Associated with Immune Response

To better understand the significance ofMGAM2 expression,we first
identified genes that are differentially expressed between MGAM2-
expressing and not-expressing BLBCs. The analysis revealed 28 upregu-
lated genes, which are significantly enriched in functions related to
immune and inflammatory response, in MGAM2-expressing BLBCs
(Fig. 2A; Table S2A). As a comparison, we also identified 129 upregu-
lated genes in MGAM-expressing LABCs, which however are not
enriched in immune functions (Fig. 2A; Table S2A).

We then investigated genes that correlate with MGAM2 in
expression in BLBCs. A total of 79 positively-correlated genes, but no
negatively-correlated genes,were identified bybothPearson and Spear-
man correlations (Fig. 2B; Table S2B). Importantly, the 79 genes are sig-
nificantly enriched in immune functions (Fig. 2B; Table S2B). Innate
immune is especially notable, with at least 17 relevant gene found.
These include TLR1, BIRC3 and other members of the Toll-like receptor
signaling pathway and pattern recognition receptor pathway (Fig. 2B).
Meanwhile, for MGAM, only one positively correlated gene was found
(Fig. 2B; Table S2B).

To determine if MGAM2 is expressed by tumor cells and/or by
tumor-infiltrating immune cells, we investigated tissue-specific
Fig. 1.MGAM2 expression is significantly enriched in BLBCs and is associated with better patien
subtypes of breast cancers from TCGA (the left plot), and is associated with better patient surv
includes 3951 total breast cancer samples and 618 BLBCs (right plots). Note that in the KM p
survival (RFS) is used as it yields the largest sample size. B: MGAM data are presented as A. Th
and S2, and Table S1.
alternative splicing (AS) of MGAM2, using RNA-seq data from GTEx.
We identified blood-specific and epithelial-specific AS forms, which dif-
fer in the first exon (and hence the promoter) (Fig. S2D).We found that
TCGA breast cancers only express the epithelial-specific AS form of
MGAM2. Hence, MGAM2 is expressed by tumor cells, which have an
epithelial cell origin.

Lastly, we investigated the data from a recent paper on pan cancer
immune landscape [18]. Among the six cancer immune subtypes iden-
tified, BLBCs are enriched in the C2 (IFN-γ dominant), 64%, and C1
(wound healing) subtypes, ~35% (Fig. 2C; Table S3C). MGAM2 expres-
sion further increases the C2 to C1 ratio (69% versus 30%) (Fig. 2C).
Consistent with this, MGAM2-expressing BLBCs have significantly in-
creased enrichment scores on macrophage regulation and T cell recep-
tor (TCR) diversity (Fig. 2C; Table S2C). None of these was observed
for MGAM, however.

3.4.MGAM2Has an Extra threonine-Rich Domain that is Evolutionarily Hy-
pervariable (EHV)

The largest difference in composition between MGAM and MGAM2
is that MGAM2 harbors an extra C-terminal domain (Fig. 3A). This do-
main consists of 715 amino acid residues, 32% of which are threonine,
t survival, unlike MGAM. A:MGAM2 expression is highly specific to BLBCs among the five
ival for both TCGA samples (middle plots) and samples in the KM plotter database, which
lotter database, MGAM2 is called LOC93432 (Affymetrix Id 216666_at), and relapse free
e KM plotter database contains a total of 1933 luminal A breast cancers. See also Figs. S1



Fig. 2. MGAM2 expression is correlated with immune response in BLBCs. A: Heatmap indicates the log2(FPKM) values of differentially expressed genes between MGAM2 (or MGAM)
expressing (FPKM N1.0) and not-expressing (FPKM b0.1) BLBCs (or LABCs). Upregulated genes are shown in red and downregulated genes are shown in green, with their enriched
functions indicated. B: Venn Diagrams indicate 79 positively correlated genes with MGAM2 found by both Pearson and Spearman correlations, with their enriched functions shown.
The heatmap specifies the connectivity and correlation among the 79 genes. The right image designates the distribution of 79 genes in functions and other properties, where the
distance between MGAM2 and each gene is 1 − r, with r being the Pearson correlation coefficient. C: BLBCs are significantly enriched in the C2 (IFN-γ dominant) immune subtype,
indicated by the distribution of the intrinsic subtypes among the immune subtypes (left plot). MGAM2-expression further increases in the C2:C1 ratio, unlike MGAM (middle two
plots). The heatmap (right) specifies immune features that differ significantly between MGAM2 (or MGAM) expressed and not expressed BLBCs (or LABCs). See also Table S2.
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hence threonine-rich. The entire domain is encoded by a single large
exon, with a conservation score lower than a typical exon, intron or
intergenic region (Fig. 3A; Fig. S3A and Table S3A). Thus, this exon rep-
resents a fast-evolving and EHV region in the human genome.

3.5. Proteins with Threonine-Rich Domain Appear Not Enriched in Immune
Functions

MGAM2 is associated with immune response (Fig. 2) and harbor an
extra domain that is threonine-rich(Fig. 3A). To determine if the im-
mune response is linked to being rich in threonine,we identified 85pro-
teins with threonine-rich domains (with the threonine ratio of N0.2,
based on the UniProt annotation) among 20,198 reviewed human pro-
teins from the UniProt database (Table S3B). With 12 mucins and 6
nucleoporins, these 85 proteins are enriched in glycosylation, but not
immune-related functions (Fig. 3B).

3.6. Proteins with EHV Regions Are Enriched in Immune Functions

The threonine-rich domain ofMGAM2 is also EHV (Fig. 3A), encoded
by a fast-evolving coding sequence exon (CDS) in the human genome.
To determine if MGAM2-associated immune response (Fig. 2) is linked
to this EHV feature, we identified all human proteins encoded by at least
one CDS that is EHV as described below.

We developed a pipeline (see Methods) that examines the phyloP
scores, which measure evolutionary conservation based on sequence
alignment of 20 mammals (Fig. 3C; see Fig. S3B for 100 species), of all
CDSs (N208,000 from 19,331 genes) in the human genome. We first



Fig. 3. Evolutionarily hypervariable (EHV) genes, including MGAM2, are associated with immune response. A: MGAM2 contains an extra threonine-rich and EHV domain at the C-
terminus, compared to MGAM. PhyloP scores are 20 mammals-based, with positive values indicating conservation and negative values indicating variation. B: A total of 85 proteins
with threonine-rich domains, identified from UniProt, are not enriched in immune-related functions. C: We established a pipeline to identify genes with at least one EHV CDS via
multi-step selections, including z-score tests and cutoffs on CDS length and phyloP score (see Methods). D: The proportion of immune-related genes increases as the phyloP scores of
their CDSs decrease. The bars (the right Y-axis) indicate the distribution the average phyloP scores of all CDSs (left image) or CDSs with negative phyloP scores (right image) in the
human genome. The line (the left Y-axis) represents the distribution of the proportion of immune-related genes. Red line indicates the average phyloP score of the last CDS of
MGAM2. E: Left two plots indicate the distribution of the CDS length and phyloP score after z-score test selection shown in C, with red lines specifying cutoffs used for further
selection. The pie chart indicates the composition of the selected 1360 genes with EHV CDSs. F: The final EHV genes are significantly enriched in immune response-related functions.
See also Table S3 and Fig. S3 (based on conservation of 100 species).
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identified CDSswith negative phyloP scores, which as expected only ac-
count for b4% of all CDSs (Fig. 3C). Furthermore, as the phyloP score de-
creases, the proportion of immune-related genes increases (Fig. 3D;
Table S3D). We then performed z-score tests and identified 3693 CDSs
with significantly low phyloP scores (q b 0.01) (Fig. 3C). We used two
more cutoffs, CDS length N 45 bp (chosen based on its distribution;
see Fig. 3E) and phyloP score ≤ −0.09 (the value of the CDS encoding
the EHV domain of MGAM2; see Fig. 3A). This reduces EHV CDSs to
3172 in total, which involve 1360 genes (Fig. 3C). A substantial portion
of these genes are zinc fingers (71 total) and olfactory receptors (20
total) (Fig. 3E; Table S3E), two gene families known to be fast-
evolving. This supports the accuracy of our pipeline. After removing
zinc fingers and olfactory receptors (many not known to be immune
molecules), 1269 genes remain and are significantly enriched in im-
mune response (Fig. 3F; Table S3F). The analysis supports that immune
response of MGAM2 is linked to its EHV region.

We repeated the same analysis with the phyloP scores of 100 verte-
brates sequenced (Fig. S3), ranging from fish to primates. The analysis
identified 2747 EHV CDSs and 1489 genes (after excluding zinc fingers
and olfactory receptors), of which about 53%CDS and 73% genes overlap
with those found with 20 mammals (Fig. 3). Hence, the same conclu-
sions were reached.

3.7. EHV Genes and CDSs Harbor Unique Features

Like MGAM2, significantly more of the EHV genes identified in
Fig. 3C are expressed higher in the BLBC and C2 subtypes, and are asso-
ciated with better patient survival, compared to the entire human gene
set (Fig. 4A; Table S4A). To better understand them, we identified equal
number of evolutionarily hyperconserved (EHC) CDSs (3043 total),
along with their genes (1950 total) in the human genome (Fig. 4B;
Table S4B). We then compared EHV and EHC CDSs/genes, along with
the entire CDS/gene set of the human genome.

In cellular location, EHV genes are more likely to encode secreted or
uncharacterized proteins, but less likely to encode cytoplasm or nucleus
proteins (Fig. 4C; Table S4C). The opposite was observed for EHC genes.
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In sequence composition, EHV CDSs are made of 12.5% simple repeats,
100 times higher compared to EHC CDSs and 10 times higher compared
to the entire CDS set (Fig. 4D; Table S4D). Notably, our analysis reveals
that 1/3 of the EHV CDS ofMGAM2, 730 bp in total, has arisen from sev-
eral tandem duplications of a 60 bp sequence (Fig. S4–1). EHV CDSs also
harbor significantly more SINEs and LINEs. In total cancer mutations,
EHVCDSs are largely the same as EHCCDSs and the entire CDS set. How-
ever, N5 time more of their mutations are neutral, not pathogenic
(Fig. 4E; Table S4E). Lastly, EHV CDSs encode significantly more threo-
nine (nearly twice) and serine, compared to the other two types of
CDS(Fig. 4 F; Table S4F).

We also performed the same analysis with the 2747 EHV CDSs and
1489 EHV genes identified with 100 vertebrates (Fig. S3). We reached
the same conclusions (Fig. S4 and Table S4).

3.8. Transmembrane Proteins with EHV Extracellular Regions and
Expressed in Blood are Associated with Immune Response

MGAM2 is a transmembrane protein with an EHV region that is ex-
tracellular (Fig. 3A). To better understand this, we developed a pipeline
(Fig. 5A) to identify other proteins with the same feature. Using protein
topology information from UniProt, we identified 252 transmembrane
Fig. 4. EHV genes and CDSs harbor unique features. A: Significantly more EHV genes (identified
with better (p ≤ .05) patient survival, compared to the entire human gene set. TCGA data are us
and their genes used for comparison in C-F. C: EHV genes encode proteins that are more likel
compared to EHC genes and the entire gene set. UniProt data are used. D-F: EHV CDSs consis
(D) (by RepeatMasker), harbor more passenger mutations (E) (COSMIC data are used), and en
proteins with regions encoded by at least one EHV CDS (Fig. 5A;
Table S5A).Wenoted that these EHV regions aremore likely to be extra-
cellular (Fig. 5B; Table S5B). Indeed, among the 252 proteins, 98 have
their EHV regions being solely extracellular, likeMGAM2 (Fig. 3A), com-
pared to 34 and one proteins with their EHV regions being solely cyto-
plasmic or transmembrane respectively (Fig. 5B; Table S5B). In breast
cancers, we found significantly more of the 98 proteins (Fig. 5A) to be
expressed higher in the BLBC and C2 subtypes, and to be associated
with better patient survival, compared to the entire human gene set
(Fig. 5C; Table S5C). These properties resemble MGAM2. As a compari-
son, we did not find the 34 proteins with EHV cytoplasmic regions
(Fig. 5B; Table S5B) to be associated with better patient survival.

With the data from the Genotype-Tissue Expression (GTEx) data-
base [19], we investigated the genes encoding the 98MGAM2-like pro-
teins in 30 human tissues. Interestingly, most tissues are highly
correlated by the mRNA expression of these genes, with Spearman cor-
relation coefficient ρ N 0.8 (Fig. 5D). Blood, however, is an exception,
with high corrections with spleen and lung (ρ ≈ 0.8), but low correc-
tions with other tissues especially testis (ρ ≈ 0.2) (Fig. 5D;
Table S5D). We identified 21 genes that are expressed highly in blood
and lowly in testis, and found that they are significantly enriched in im-
mune functions (Fig. 5D; Table S5D), including HLA-A and HLA-B that
by Fig. 3C) are expressed higher (p ≤ .05) in the BLBC and C2 subtypes, and are associated
ed. B: The phyloP score distribution of EHV and evolutionarily hyperconserved (EHC) CDSs
y to be secreted or not characterized, but less likely to be in either cytoplasm or nucleus,
t of more simple repeats (obtained from the UCSC genome database) and other repeats
code more threonine and serine residues (F).



Fig. 5. Transmembrane proteins with EHV extracellular regions and expressed in blood are associatedwith immune response. A: Our pipeline identified 98 transmembrane proteinswith
EHV extracellular regions, like MGAM2 (Fig. 3A). B: EHV CDSs of the 252 transmembrane proteins (A) encode significantly more amino acids that are extracellular (left) and regions that
are entirely extracellular (right). C: Significantlymore of the 98 EHV transmembrane proteins are expressed higher (p ≤ .05) in the BLBC and C2 subtypes, and are associatedwith better (p
≤ .05) patient survival, compared to the entire human gene set. TCGA data are used. D: The heatmap indicates the Spearman correlation coefficient, ρ, between any pairs of tissues using
median expression of genes encoding the 98 EHV transmembrane proteins (A). Blood shows the largest divergence frommost other tissues, especially testis. Box plots indicate genes that
are expressed highly in blood but lowly in testis, and vice versa,with eachdot representing themedian expression of a gene and significantly enriched functions of each gene group shown.
TPM: transcripts per million. GTEx data are used.
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encode major histocompatibility complex (MHC) molecules. To the
contrary, the 12 genes that are expressed highly in testis but lowly in
blood are enriched in fertilization-related functions (Fig. 5D; Table S5D).

We performed the same analysis with EHV CDSs obtained with100
vertebrate conservation (Fig. S3), and reached the same conclusions
(Fig. S5 and Table S5). Note that MGAM2 is also expressed highly
in blood.

3.9. MGAM2 Likely Has Lost its α-1,4-Glucosidase Activity

Active glucosidases of the GH31 family harbor two catalytic aspartic
acid (D) residues, one acting as a nucleophile and another acting
as a proton donor (Fig. 6A) [29]. The two residues locate in highly
conserved GH31 signature peptides, WIDMNE and WLGDN (Fig. S6A).
In MGAM, they are D529 and D628 for N-terminal MGAM (ntMGAM),
a maltase, and D1420 and D1526 for C-terminal MGAM (ctMGAM), a
glucoamylase (Fig. 6B). In MGAM2, however, D529 is mutated to
glutamic acid (E) and D1526 is mutated to asparagine (N) (Fig. 6B;
Fig. S6B), indicating that MGAM2 is likely no longer active.

Additional mutations were identified at the active sites (Fig. 6B). To
better understand their impact, we performed molecular modeling of
MGAM2, as its structure has not been experimentally determined, un-
like MGAM. Our predicted structures of ntMGAM2 and ctMGAM2
match well with the crystal structures of their MGAM counterparts
[14,23] overall, with root-mean-square deviation (RMSD) of b1 Å
(Fig. 6B; Table S6A). However, larger RMSD values were observed for
some mutated residues at catalytic sites (Fig. 6B; Table S6A), indicating
that substrate-binding may be affected. To test this, we performed sub-
strate docking. In crystal structures [14,23], the distances between the
two catalytic D residues to the oxygen (replaced by nitrogen in
acarbose) of α-1,4-glycosidic bond to be cleaved are 2.8 Å and 4.8 Å
for ntMGAM, and 2.9 Å and 5.4 Å for ntMGAM (Fig. 6C). However, the
corresponding numbers were predicted to be 2.9 Å and 6.3 Å for
ntMGAM2, and 8.8 Å and 5.0 Å for ctMGAM2 (Fig. 6C; Tables S6B and
S6C). Modeling analysis indicates that substrate-binding pockets in
MGAM2 are altered, and substrates are not binding in the correct orien-
tation for catalysis (Fig. 6C; Fig. S6C). These analyses support that
MGAM2 is likely no longer an active α-glucosidase, unlike MGAM.

3.10. MGAM2 Lost Key Catalytic Residues and Acquired an EHV Domain
during Placental-Marsupial Split

A previous study [17] reports that MGAM, MGAM2 and SI, three
GH31 members with two catalytic sites, emerged via tandem duplica-
tions. To better understand this, we investigated N100 species whose
genomes are sequenced, ranging from drosophila to the human. In dro-
sophila, we did not find homologues of human MGAM, MGAM2 or SI.
We however identified an α-glucosidase that appears to be a homolog
of human GAA, a GH31 member with only one catalytic site (Fig. 7A;
Table S7A). In fishes and birds, we found homologues of both human
GAA and SI/MGAM/MGAM2 (Fig. 7A; Fig. S7 and Table S7A). Thus, in
the GH31 family, one catalytic site members (e.g., GAA) are more



Fig. 6. MGAM2 likely lacks α-1,4-glucosidase activity due to mutations of key amino acids.
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ancient (Fig. 7B). Then, a tandem duplication occurred in vertebrates,
yielding two catalytic site members (e.g., SI) (Fig. 7B).

Additional tandem duplications took place in mammals, leading to
the split of SI,MGAM andMGAM2 (Fig. 7A and B). Interestingly, in mar-
supial species examined (opossum, Tasmanian devil, wallaby), MGAM2
retains the GH31 α-glucosidase signature peptides WIDMNE and
WLGDN, and lacks the EHV domain (Fig. 7A; Tables S7B-7D). In placen-
tals examined (from armadillo to primates), however, MGAM2 consis-
tently harbors mutations of the catalytic D residues (Table S7B), and
meanwhile acquires the EHV domain (Fig. 7A). The data indicate the
likelihood that MGAM2 has lost its α-glucosidase activity and acquired
new functions in placentals (see Discussion).
4. Discussion

4.1. MGAM2 may Function in Immune Response in Placentals and could be
a Biomarker in BLBC Immunotherapy

MGAM and MGAM2 are both GH31 members. MGAM, a known α-
glucosidase, is expressed abundantly in the small intestine to catalyze
the final step of starch digestion. MGAM is an anti-diabetics target,
and numerous inhibitors have been designed to block itsα-1,4 glucosi-
dase activity [12,14,30–33]. To the contrary, MGAM2 is much less un-
derstood. Like MGAM, it also has maltase and glucoamylase domains,
both of which have however lost their key catalytic residues in humans,



Fig. 7.GH31α-glucosidases evolve through duplications andmutations. A: Two catalytic domainmembers (SI, MGAMandMGAM2) emerge via duplication of an ancestor of one catalytic
domain member (e.g., GAA). MGAM2 has lost key catalytic residues and acquired an EHV domain during placental-marsupial divergence. B: The summary of GH31 α-glucosidase evolu-
tion. See also Table S7 and Fig. S7.
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revealed by our study. Hence, human MGAM2 is likely no longer an α-
glucosidase, which of course needs future experimental validation.

Our analysis reveals a remarkably clean evolution of α-glucosidases
of GH31. Found in both invertebrates and vertebrates, α-glucosidases
with a single catalytic site, including GAA, are more ancient. Then, tan-
dem duplications led to the emergence of α-glucosidases with two cat-
alytic sites in vertebrates, as well as MGAM and MGAM2 in mammals.
Finally, MGAM2 diverged from MGAM during the placental-marsupial
split. In monotremes and marsupials, MGAM2 closely resembles
MGAMand likely also functions as anα-glucosidase. In placentals how-
ever, MGAM2 has lost its key catalytic residues, hence likely no longer
an α-glucosidase, and meanwhile has acquired a large threonine-rich
extracellular domain that is EHV. Because proteins with EHV domains
are significantly associated with immune response and for reasons
discussed below, we propose that MGAM2 function in the immune sys-
tem in placentals instead.

Marsupials and placentals differ in the tolerance of the fetal tissue by
the maternal immune system, trophoblast development and invasion,
and ultimately the gestation time [34]. It would be interesting to deter-
mine if the MGAM2-MGAM split plays a role in these marsupial-
placental differences. Interestingly, among normal human tissues
investigated by GTEx [19], MGAM2 is expressed in blood, gastrointesti-
nal tract, breast and nerve. Importantly, except nerve, MGAM2 expres-
sion is significantly correlated with gene signatures of immune cells,
especially neutrophils in blood. Future studies are required to deter-
mine if MGAM2 indeed plays a role in the immune system in placentals.

Among cancers investigated by TCGA, MGAM2 is expressed in GI
cancers and breast cancer. Notably, in breast cancers, MGAM2 expres-
sion is highly specific to the BLBC subtype and, more importantly, is as-
sociated with better patient survival. Based on our differentially
expressed gene and correlation studies, we propose that this better pa-
tient survival is due to a stronger host immune response elicited by the
expression of MGAM2. Interestingly, MGAM2 expression is associated
with the C2 (IFN-γ dominant) subtype, identified from pan cancer
immune landscape analysis [18], and with macrophage regulation and
TCR diversity. More studies are clearly required to explain these obser-
vations, including experiments to validate if MGAM2 expression indeed
elicits immune response.

In BLBCs, MGAM2 is positively correlated in expression with CD47
and SIRPA, which constitutes an immune checkpoint that generates
“don't eatme” signal for cancer cells [35] and is currently being targeted
for cancer treatment [36]. CD47 is a ubiquitously expressed transmem-
brane proteinmarking the cell as “self” [35], while SIRPα is a cell surface
receptor on phagocytic immune cells (e.g., macrophages). The binding
of CD47 to SIRPA prevents phagocytosis [35], and blocking the CD47/
SIRPA interaction results in tumor reduction in preclinical models
[37,38]. Further studies are clearly required to understand the relation-
ship between MGAM2 and the CD47/SIRPA checkpoint in BLBC, and to
evaluate if MGAM2 expression provides any diagnostic value in the
CD47/SIRPA blockade therapy. BLBC represents the worst subtype of
breast cancer, lacking targeted therapies and with the lowest patient
survival rate. Hence, these future studies are important.

4.2. Proteins with EHV Regions may Represent a New Class of Molecules
Useful in Cancer Immunotherapy

In the human genome, CDSs are typically more conserved than in-
trons or intergenic regions. Our pipeline reveals that about 1.4% of
human CDSs, approximately 3000 in total and including the last CDS
of MGAM2, are however opposite and EHV. This is likely due to their
high content of simple repeats and SINEs [39–42]. We have identified
N1000 human proteins that are partially or entirely (very rare) encoded
by these EHV CDSs, including MGAM2. Among them, 20% are zinc fin-
gers or olfactory receptors, two families known to be fast-evolving.
The EHV protein regions are more likely to be extracellular and
threonine/serine/proline-rich, andharbormore cancer passengermuta-
tions. Importantly, many of these EHV proteins function in immune and
host defense response.Most studies have focused on conserved regions;
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as a result, EHV CDSs and proteins are poorly characterized [43]. More
efforts [44] should be spent on understanding this unique class of geno-
mic sites and proteins, particularly their roles in host immune response
to pathogen infection and carcinogenesis.

Our preliminary TCGA pan cancer analysis (Fig. S8) indicates that
EHV genes are associated with better patient survival in skin cancer,
mesothelioma and colon cancer, but with worse survival in chromo-
phobe renal cell carcinoma, acute myeloid leukemia, lower grade gli-
oma and uveal melanoma. Interestingly, EHV genes are associated
with better survival in the C4 (lymphocyte depleted) immune
subtype, but with worse survival in the C3 (inflammatory) immune
subtype. Furthermore, EHV genes are positively correlated with
macrophage regulation, lymphocyte infiltration, IFN-γ response
and TGF-β response across different cancer types. They are nega-
tively correlated with cancer testis antigen score and Th2 cells. Fu-
ture research is required to understand the significance of these
observations.

Our study sheds some light on a subset of these EHV proteins that
resemble MGAM2, being transmembrane and with EHV regions ex-
tracellular. These proteins, about 100 in total, include classical im-
mune molecules such as HLA-A, HLA-B, HLA-C. Among 30 tissues
investigated, their genes present a unique expression pattern in
blood, with N90% of those that are highly expressed in blood func-
tioning in immune system. We propose that EHV regions may be
necessary for blood cells to quickly adapt to the dynamic pathogens
that enter the host. Interestingly, these EHV genes tend to express
higher in BLBC and associate with better patient survival, like
MGAM2. Examples include HLA-DQB2 and HLA-DRB5, which encode
MHC class II proteins. Both have EHV extracellular region, and are
expressed in BLBC and associated with good patient survival. As im-
munotherapy becomes increasingly important in cancer treatment,
understanding this unique class of molecules would clearly be
important.
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A: The catalytic mechanism of α-1,4-glycosidase of ntMGAM and

ctMGAM requires one aspartic acid (D) as nucleophile and another D
as proton donor. The two signature peptides are shown. The figure is
modified from a published work [29].

B: Top panel indicatesmutated residues at the two catalytic sites be-
tween MGAM and MGAM2. Bottom images indicate the overall agree-
ment between nt/ct-MGAM (cystal structures) and nt/ct-MGAM2
(predicted structures) is excellent. Each catalytic site is enlarged to indi-
cate overlap between mutant residues.

C: Substrate docking indicates ntMGAM2 and ctMGAM2 are inac-
tive. The numbers in each image in top panel indicate the distances, in
crystal structures forMGAM and through docking forMGAM2, between
the nitrogen atom (blue) of α-1,4-glycosidic bond of acarbose (sub-
strate) and the two catalytic D residues. Surface view of acarbose bind-
ing to MGAM (crystal structures) or MGAM2 (predicted structures), in
bottom panel, indicates that the binding pockets of MGAM2 are altered.

See also Table S6 and Fig. S6.
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