Supplementary Note 1

1 Modelling Overall Pseudobulk data

We start with the model for Overall Pseudobulk (OP) data, which sums expression over all measured
cells for each individual. The model in Eq 5 in the main text can be written as

y =PSB+ a+ (IeP)vec (I‘T) + 6

Here, y € RV*1 is the vector of overall pseudobulk expression, where N is the number of donor
individuals. P € RV*¢ is the matrix of cell type proportions, where C is the number of cell types.
(Note that C' is assumed known and fixed, as is the assignment of cells to cell types.) 8 € RE*!
is the vector of cell type fixed effects, which represent the mean expression level for each cell type.
a € RN*1 is the vector of average expression across individuals that is homogeneously shared
across all cell types, which we treat as a random effect:

a~N(0,021)

where I is the identity matrix.
I' € RV*C is the matrix of cell type-specific average expression across all individuals and cell
types, which we also treat as a random effect:

T ~ MN (0,1, V)

This is written as a matrix normal random variable, where I is the row-covariance matrix and V
is the column-covariance matrix. (Equivalently, we assume that vec (I‘T) ~ N (0,I® V), where
vec () concatenates columns of a matrix into a vector.) In words, this means that we assume T is
i.i.d. across individuals and has covariance V across cell types.

e is the transposed Khatri-Rao product. Although it may seem complex, (A e B) is simply
Kronecker product of corresponding rows of A and B. This generalizes the standard interaction
between two univariate features to two feature matrices, and is implicitly constructed in any linear
regression involving interactions.

Finally, § € RV*! is the vector of measurement noise due to sampling a finite number of cells.
We assume that § ~ N (0, D), where D := diag (v) and v € RV*! is the vector of noise levels for
overall pseudobulk noise. Equivalently, this can be written §; ind (0,v;). In our derivations, we
assume that v is known. In practice, we calculate it by evaluating the variance across cells (see
main text for details), but we explore violations of this assumption in simulations (see main text
and Section 3.3 below).

In practice, it is often essential to include other covariates in the model as either fixed or random
effects, such as experiment batch, age, and sex. For simplicity and statistical parsimony, we assume



that the effects of these covariates are shared homogeneously across cell types. We can include
these effects by slightly generalizing our above model:

y =Xb +a+ (IeP)vec (I7) + Zp + 6

where b is the vector of fixed effects with the design matrix X, which now includes both traditional
covariates (e.g., age and sex) as well as the cell type fixed effects B, and p is the vector of random
effects with the design matrix Z, such as batch effects. It can be useful to partition Zgu as:

K1 r
Mg i=1

where Z; and p; are the design matrix and the random effect vector for feature <. We assume that

all random effects are distributed pu; = A (0,021).

Let o be the element-wise (or Hadamard) product, and let ® be the Kronecker (or tensor)
product. Under this more general model of OP data that includes random effects of a factor
variable Z, the distribution of y is:

E(y) =Xb

V(y) =V () + V(Lo P)vec (TT)) + 3V (Zips) + V (8)
=021+ (Lo P)V (vec (T7)) (1o P)" + > Z;V (p;) Z;" + D
=021+ (IeP)(I2 V)IeP)" +> 7;07Z;" + D
=c21+10(PVPT) + Z 0?7:Z;" +D

— y~N <Xb,a§I+Io (PVPT) +Zo§ziziT+D> (1)
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1.1 Fitting Overall Pseudobulk with ML, REML, and HE

ML
We fit maximum likelihood (ML) estimates of B8, 02, and V by maximizing the log-likelihood

)
function jointly over these parameters (as well as over the other fixed effects in b and the random

effect variance components o?):

I(b,0%,V,0%,..,0%y) = — %[const +In|V(y) |+ (y = Xb)T(V(y) Hy — Xb)]

» Y

where const is a constant and V (y) means the covariance matrix of the vector y that depends on
02 and V (and ¢?), as shown in Eq 1.



REML

For restricted maximum likelihood (REML) estimates of V (and 0?), we instead maximize the
restricted likelihood (Harville, 1974; Harville, 1977):

1 _
W02, V,01,..,00ly) = — Zleonst +In |V (y)| +1n X"V (y)"' X| +y" Hy]
where H is defined as:
H:=V(y)" = V(y) ' X(X'V(y)" X)XV (y)"

After fitting these variance components, we then fit the fixed effects in REML using generalized
least squares.

For both MLl and RMEL, we maximize the likelihood function using the BFGS algorithm im-
plemented in the R function ‘optim’ To initialize optimization, in ML, we initialize fixed effects
with ordinary least square estimates and initialize variances of random effects with parameters such
that each variance component explains an equal amount of residual OP variance after subtracting
off the fixed effects; in REML, since fixed effect sizes are not involved in the likelihood function, we
initialize variances of random effects with parameters such that each variance component explains
an equal amount of OP variance. If the initial optimization attempt fails to converge or has one
variance component that explains more than 5 folds of OP variance, we rerun optimization for 10
times with random initial parameters and pick the converged run with the largest likelihood as the
final result, in order to mitigate bias from local maxima. We allow negative variance components
to reduce bias, though the total expression variance is always positive.

HE

For Haseman-Elston regression (HE), we estimate variance components by method-of-moments
after residualizing out fixed effects. This residualization uses the projection matrix M := I —
X(XTxX)-1xT:

y' =My = M[a + (I e P)vec (I‘T) +Zp + 4]

Note that M is symmetric (M? = M) and idempotent (M? = M).

The HE estimator of  := (02, V11,..., Voo, Via, ...,V(C,l)(c),or%, ...,;02) is obtained by min-
imizing the squared error between the expected and observed sample covariance matrix, i.e., the
standard method-of-moments:

6 =argming|ly'y'" =V (y') ||
=argmine||Myy” M" — MV (y) M||r
=argming||[Myy’ M — M[o21 + 10 (PVPT) + Z 027:Z;" + DIM||p

i=1

=argming||(Myy"M — MDM) — M[o21+To (PVP") + Y 07 Z:Z;" M|
=1



To solve this, rewrite it as a linear function of 8,

vec (M[agl +1o0(PVPT) + Z afziziT]M>
=1

— vee (MIM) 02 + vec (M[Io (PVPT)IM) + 3 vec (MZiZiTM) o2

=1

= vec (M) 02 + vec (M[I o3 anP,m(P’n)T)]M> n ivec (MZiZiTM) o2

m,n i=1

= vec (M) 02 + vec (Z M[Io (P,m(Pm)T)]Man) + zrjvec (MZiZiTM) o?

m,n i=1

= vee (M) 02 + 3 vee (M[Lo (P 1 (P,)")IM) Vi + 3 vee (MZiZiTM) o2

i=1

=Qb

Now we use the standard OLS (ordinary least square) projection of vec (MnyM — MDM)
onto the span of Q to estimate 6, with 0= (QTQ)'QTvec (MnyM — MDM).
[ vec (M)”

vec (M[Io (P (P 1)")M)"

vec (M[Io (P ¢(P.o)7)M)"

2vec (M[Io (P4 (P5)7)M)"

Here, QT := . There is a factor of 2 because V is symmetric.

2vec (M[To (P.o_1(P.c)7) M)
vec (MZ1Z1TM)T

o
vec (MZ,2,"M)
In special cases, Q can be simplified. In Hom model where V = 0, we have 6 = (02
vec (M)”
T
vee (M21Z,"M)

02, 02)

-y O

and QT = ; in Free model where V,,,, = 0 when m # n, we have 8 =

vec (MZZTM>T



vec (M)”
vec (M[I o (P,l(P,l)T)]M)T

vec (M[I o (PJ;(Pyc)T) M)T

(02,V11,...,Vee,02,...,02) and QT = o
vec (MZ1Z1TM)

.
vee (MZ,2,"M)
Note that this expression is far more efficient than naively solving the linear system of equations
directly because it takes advantage of the implicit structure in the Q matrix.

2 Modelling Cell Type-specific Pseudobulk data

The Cell Type-specific Pseudobulk (CTP) data uses the same model on single cells as the OP data.
However, in CTP, each individual’s scRNA data is collapsed into a vector where each entry sums
over all cells in a given cell type, rather than a single number that sums over all cells in all cell
types. Formally, the Eq 6 model in the main text can be written as:

Y =1x8"+alc" +T +6

As in the OP model, N is the number of individuals, C' is the number of cell types, 8 is the mean
expression in each cell type (shared across individuals), e is the mean expression in each individual
(shared across cell types), and T are cell type-specific variations across individuals. 1x is a vector
of 1s with length N, and 1¢ is a vector of 1s with length C. We assume the same random effect
distributions on a and T as in the OP data.

The CTP data is a matrix Y € RV*Y. The OP data is roughly equal to the average across
columns of the CTP data, and this holds exactly in the special case where all cell types are uniformly
sampled in all individuals.

4 is now slightly different than in the OP data, as it is an IV x C' matrix instead of an N x 1 vector.
The difference is analogous to the difference between y in the OP data and Y: approximately, the
OP 4 can be thought of as averaging across the columns of the CTP data. Its distribution is given

by d;¢ ind N (0,v.), where v, is analogous to the v; above for OP data.
As in the OP above, we include extra covariates as either fixed or random effects, to represent
other factors that are shared across cell types, such as experiment batch, age, and sex.

Y =AT +1nBT +alcT + T+ ZplsT + 6

Here, ¢ is the vector of fixed effects (except for cell type fixed effect), A is the corresponding deign
matrix. There is a vector 15 because there are C cell types per individual, and the effect is assumed
to be shared across cell types. The same as in the OP, p is the vector of random effects, except
for overall random effect and cell type-specific random effect, Z is the design matrix for random
effects.

We define y := vec (YT) for this section, but note that this is not the same as the OP data in
y in Section 1.



y =vec (1CCTAT) + vec (ﬂlNT) + vec (1CaT) + vec (I‘T) + vec (1cuTZT) + vec <6T)

—(A®1c)¢ + (In®1c)B + (In ® 1c)a + vee (TT) + (Z @ 1o)p + vec (5T)

=Xb + (In ® 1c)a + vec (T7T) + Z(Zi ® lc)p,; + vec (JT)
i=1

with X := [A Rl In® IC] and b := {g}

The expectation and variance of Y is:

E(y) =Xb

V(y) =V (In © 1e)a) +V (vee (07)) + 3V (2 ® 1e)u) +V (Vec (5T))

Z(IN ® lc)(O'iIN)(IN ® lc)T +INn®V + Z(Zi ® lc)U?(Zi ® 1c)T +D
i=1

=(InIN) ® (lclcT)O'i +INn®V 4+ Z(ZiZiT) ® (1(;1(;71)0'1'2 +D
=1

=(In®Jc)ol +IN®V + Z[(ZiZiT) ®Jcloy +D

i=1

=In® (Jool + V) + > [(ZiZ;") ® Iclo} + D
i=1
—

y~N (Xb,IN®(Jcai+V)+i[(ZiZiT) ® Jclo} +D> (2)

i=1

where Jg is a C x C matrix of 1s.

2.1 Fitting Cell Type-specific Pseudobulk with ML, REML, and HE
ML and REML

These approaches are identical to the OP section, except that the CTP likelihood (or restricted
likelihood) from is used in place of the OP likelihood from .

For both ML and REML, we maximize the likelihood function using the BFGS algorithm imple-
mented in the R function ‘optim’. To initialize optimization, in ML, we initialize fixed effects with
ordinary least square estimates and initialize variances of random effects with parameters such that
each variance component explains an equal amount of residual CTP variance after subtracting off
the fixed effects; in REML, since fixed effect sizes are not involved in the likelihood function, we
initialize variances of random effects with parameters such that each variance component explains
an equal amount of CTP variance. If the initial optimization attempt fails to converge, or has one



variance component that explains more than 5 times OP variance, or has estimates equal to the ini-
tial values, we rerun optimization 10 times with random initial parameters and pick the converged
run with the largest likelihood as the final result, in order to mitigate bias from local maxima. We
allow negative variance components to reduce bias, though the total expression variance is always
positive.

HE
As for OP data, we first projected out fixed effect by M := I — X(XTX)~1XT:

y =My = M[(In ® 1c)a + vec (FT) + Z(Zi ® 1c)p; + vec ((5T>]

=1

The HE estimator of 6 := (62, V11, ..., Voo, Vi, ...,V(C,l)(c),af, ...,02) is obtained by mini-
mizing the squared error between the expected and observed sample covariance matrix:

0 =argming|ly'y'" =V (v)||r
=argming||[MyyT M? — MV (y) M||r

—argming|[Myy™™ — M[In ® (Jgo2 + V) + Y ((ziziT) ® Jc) o2 + DIM||
i=1

—argming||(Myy™™ — MDM) - M[In ® (Joo2 + V) + ((ziziT) ® JC) o2M||

i=1

To solve this, rewrite it as a linear function of 8. For convenience, we define [i] as the row or
column indexes in a matrix corresponding to individual 7, that is from (i — 1) x C+1 to i x C; we
define Ly n as a C' x C matrix of zeros, except for the entry of (m,n), which equals to one.

vec <M[IN ® (Jcai +V)+ z”: ((ZiZiT) ® Jc) U?]M)

=1
= vec (M(In ® Jc)M) 02 + vec (M(In ® V)M) + ivec <M ((ZiZiT) ® Jc) M) o?
i=1
C r

= vec (M(In ® Jo)M) 02 + vec (M(IN ® va,anm)M> +Y vee (M ((ziziT) ® JC) M) o2

C
= vee (M(In & Jo)M) 02 + 3 vee (M(In & Ly )M) Vi + 3 vee (M ((ZiZ") © Ic) M) o?
= Qb |

Now we use the standard OLS projection of vec (MnyM — MDM) onto the span of Q to
estimate 6, with 6 = (QTQ)~'QTvec (Myy™™ — MDM).



vec (M(In © Jo)M)”
vee (M (In @ Ly 1) M)”

vec (M (In ® Lg,c) M)
vec (M (In ® (L1,2 + L2 1)) M)"
Here, QT := :
vec (M (In ® (Le— 1c+LCC 1) M)T

vec (M ((z 7,") ®Jc) )

T

vec (M ((Z Z.")® Jc) )

In special cases, Q can be simplified. In Hom model where V = 0, we have 8 = (02,02, ...,02)
vee (M(In ® Je)M)”

vec (M ((zlle) ® JC> M)T

and QT = ; in Free model where Vi, , = 0 when m # n, we have

vec (M ((ZrZrT) ® JC) M>T
vec (M(In ® Jo)M)"
vee (M (In ® Ly 1) M)”

vec (M (In ® L c) M)T

0 = (02, Vi1,..., Voe,0i,...,07) and QT = vec (M ((lelT) ®‘]C> M)T

e (M (17,2, 2 36) M)

2.2 Efficient computation: No additional random effects

In this section, through linear algebra manipulation, we reduce computation complexity for ML
and REML under the special case where there are no random effects (other than « and T').

In ML, the rate limiting steps are the calculation of In |V (y) | and (y — Xb)'V (y) ! (y — Xb),
in REML, those are the calculation of In|V (y)|, X7V (y)' X, y7V (y)_ly, and X7V (y)y.
Since the general form for (y — Xb)TV (y) ™" (y — Xb), X7V (y) ' X, yTV (y) 'y, and X7V (y) 'y
is BTV (y)_1 F, where B and F are tall matrices with only one or a few columns, we only need to
reduce the computation complexity of In |V (y) | and BTV (y) ™!

When there is no extra random effect factor, i.e., r = 0. Define [i] as indices corresponding to
individual i, and Dy;j;) := diag (v;,). The variance matrix of y and its inverse can be simplified

V(y)=In® Jco2+V)+D
=@, (Jeos +V + D)

_ —1
V(y) ' =X, (Jco? + V + D)



0 ]g} and ®?_ A = {

Therefore, we can efficiently calculate the terms in the likelihoods of ML and REML:

04

Here, the @ is the diagnal matrix of blocks, that is A & B := 0 Al

In|V(y)| =In| &Y, (Jcol +V+Dyyy) |

N
:1111_[ |JCO'3 +V + D[i][i]|

i=1

N
:Zln ‘chi +V+ D[i][i]‘
i=1

BTV 'F BT( e 1 ch +V+D[l”]) 1>F

—1
| (Jeoa +V+Dy)  Fiy

||Mz

Therefore, the computation complexity reduces from O(N3C?) to O(NC?) for ML and REML.

2.3 Efficient computation: One additional random effects

When there is only one extra random effect factor, i.e., r = 1, and each individual belongs to only
one level of the factor, i.e. for each row of Zq, there is only one element of 1 and all others are 0.
Assuming the matrix Z, has K levels and is ordered by levels, and each level k has x; individuals,
so that

1,
K 1xz
Z, = Ot Iy =
j
Here, 1y, is a vector of 1 of length zj;. Then, Z1Z1T = @i;l.]xk, where Jy, is a matrix of 1 of

shape xp X 2. Define {k} as row or column indexes corresponding to individuals in level k. The
variance of y and its inverse can be simplified

V(y)=In® Jco2 + V) +[(Z1Z17) © Ic]o? + D
= @f 1 (T, ® Jeol + V) + [(#121Tx,) © Iclof + D
r (I ® (Joo2 + V) + &f (Ix, ® Joo?) + D
= @k 1 (Lo ® (JooZ + V) + I 007 + Dikyiay)
K (T ® (J0 + V) + Ty c0? + Digyiny)



Therefore, we can efficiently calculate the terms in the likelihoods of ML and REML:

In |V (y )I—lnl@k 1 (L ® (Jooi + V) + Jxexcoi + Dy ay) |

_lnH\ xe @ (Jeo2 + V) + Ju xcot + Digyy) |
k=1

Mw

® (Jcos + V) + Ixxcot + Diary) |

_ -1
B'V(y) "' F =B (&, (L, ® Joo? + V) + Jxxcol + D) ') F
al 1
ZB? Jc(f —‘rV) —‘y—JkaCal +D{k}{k}) F{k}7
k=1

These manipulations reduce the computational complexity from O(N3C?) to O(KNZC?) for
ML and REML, where N} is the number of individuals per level.

3 Simulation

3.1 Variance partition of overall pseudobulk

We parameterize our simulations in terms of interpretable variance components of the OP data,
which we partition using Eq 5 in the main text by:

V(y) =V(E(y:)) +E(V(y:))
=V (P;B)+E (o2 +P; VP] +v;)
=B"SB+ 02 +E (P VPI) +E(v;)
=B"SB + 02 +E (tr (P, VP])) + E (v;)
=B7SB+ ol +tr (VE (PIP;)) +E(v;)
=p"SB + o2 + tr (V(S+nn’)) +E(v;)

= Brsa + o2 +tr(VS) + 7l Vr+  E(v) (3)
—— . ~— —_— — ——
cell type-specific  cell type-shared cell type-specific ~measurement
mean variation variation nose
Here, S := %PdTPd is the covariance matrix for cell type proportions; Pq := P — In7? is

demeaned cell type proportion matrix; 7 is the vector of mean cell type proportions. We partition
the variance of OP into four components: cell type fixed effect, homogeneous random effect, cell
type-specific random effect, and noise.

3.2 Simulation of overall pseudobulk and cell type-specific pseudobulk

We set parameters for our simulation according to the four variance components of OP in .
In the simulation of Free model, we assumed each of the four components explained 25% of
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variance, ie., 87SB = 02 = tr(VS) + #7Vr = E(v;) = 0.25. We simulated 100 individu-
als and 4 cell types. Cell type proportions for each individual (P;) were i.i.d. sampled from
Dirichlet distribution Dir(2,2,2,2), so each cell type has an expected proportion of 25%, i.e.,
nl = [0.25 0.25 0.25 0.25]. From Dirichlet distribution, we also calculate the covariance ma-
trix (S) of cell type proportions. Assuming the ratio of fixed effects for the four cell types is
B1:By:PBs: By =8:4:2:1, we calculated the fixed effects for each cell type B, with the
constraint of BTSB = 0.25. Assuming the ratio of cell type-specific variances is Vi1 : Voo : V33 :
V4 =64 :16 : 4 : 1, we calculated the cell type-specific variance matrix V with the constraint
of tr (VS) + 7' Vwr = 0.25. To simulate measurement noise, we assume that the residual effect
€;cs for gene expression in s-th cell from cell typezc in individual 7 is i.i.d. across all cells for each

2
individual with V (€;.s) = 02, such that v; = 7, v;. = 2= and v;. = &-. We sampled the

n; Nie P
noise variance for each individual from a Gamma distribution v; ind Ik = %5, 6 = 0.08), which has
E(v;) = k0 = 0.25 and V (v;) = k6% = 0.02. Then, we calculated v;. using v;. = p—. With these
parameters, we generated OP and CTP using Eq 5 and Eq 6 in the main text.

The simulation process for the Hom and Full models is similar to the Free model, except for
the variance decomposition of OP. In the Hom model, since there is no cell type-specific variation
in the model, we assumed that homogeneously shared variation accounts for 50% of the variance of
OP, i.e., 02 = 0.5. In the Full model, since V and o2 are not jointly identified, we set o2 = 0 and
cell type-specific variation explained OP variance to 50%, i.e., tr (VS) + 77V = 0.5. To account
for the correlation of cell type-specific random effect between cell types, we not only set the ratio
of cell type-specific variances of Vi1 : Vog : V33 : Vyu =1:1:1:1, but also set a correlation of
0.9 between nearby cell types and a correlation of 0.7 or 0.5 for others.

To test the performance of CTMM in various situations, we varied one parameter at a time,
including sample size, cell type proportions, and cell type-specific variances. We also varied the
number of cell types C' with C' = 4, 8,12. To maintain a constant n;., we adjusted n; accordingly as
we increased C. Specifically, when C' = 8 or 12, n; is doubled or tripled compared to the case when
C = 4. To capture this adjustment, we sampled the noise variance from a Gamma distribution
with E (v;) = 0.25 x %. We attributed the residual variance because of reduced variance explained
by measurement noise to cell type-specific mean. A list of tested parameters for each model is
available in Supplementary Table S2. For the simulation of the Hom and Free models, we fit
the simulated OP and CTP data into the Hom and Free models with maximum likelihood (ML),
restricted maximum likelihood (REML), and Haseman-Elston regression (HE). We then tested for
cell type-specific variance with applicable Wald tests and likelihood-ratio tests (LRT), as described
in the main text. For the simulation of the Full model, we fit the simulated OP and CTP data
into the Full model with ML, REML, and HE but did not perform hypothesis testing due to the
statistical and computational complexity. We ran 1,000 replicates for each set of parameters.

3.3 Simulation with noisy v

As v;. is unknown and is estimated from cell-to-cell variation in practice, we also performed sim-
ulations to assess CTMM’s sensitivity to estimation errors in v;.. We only examined CTP in this
simulation, as it’s far more powerful. As the simulation focuses on CTMM’s utility in our real
data analysis, we simulated Hom and Free models using parameters estimated in the iPSCs data.
For each simulation setting, we ran 1,000 replicates where each uses parameters estimated from a
distinct gene in a predefined set of 1,000 randomly chosen genes.

In the simulation of the Hom model, for each gene, we chose its parameters (02 and 3) to match
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the real CTMM estimates from the iPSCs data (estimated using REML under the Free model). If
02 <0, we set it to 0. Using cell type proportions P and measurement noise variance v;. from the
iPSCs data, we generated CTP using Eq 6 in the main text. To incorporate estimation error in
Ve, for each v;., we draw ;. i.i.d. from a Beta(2,b) distribution and then add +x;.vic or —z; V.
before inputting v;. to CTMM. To cover the distribution of estimation error in iPSCs data, we
simulated b = 20, 10,5, 3,2, to get corresponding coeflicients of variation of 0.11, 0.20, 0.33, 0.45,
and 0.55 for v;..

We simulated under the Free model with varying cell type-specific variances. We obtained the
parameters o2 and (3 in the same way as in the simulation of the Hom model. We varied the
cell type-specific variance for cell type 1 (V1) from 0.05 to 0.5 and fixed other cell type-specific
variances to 0.1. Those values were chosen based on the distribution of estimated cell type-specific
variances in the iPSC data to make the simulation more realistic. For simplicity, the Free model
simulations always use b = 5 (the most realistic value) to add estimation error into v;..

3.4 Simulation of single-cell gene expression

To investigate the impact of cell number and read depth on CTMM, we simulated single-cell gene
expression based on raw read counts from iPSCs!!. For each set of simulation parameters, we
simulated 1,000 replicates using the same set of 1,000 randomly selected genes.

To simulate the Hom model for each gene g, we subset the data to cells from the single cell
type exhibiting the highest expression of gene g (across all cells from all individuals). We only kept
individuals that had more than 10 cells and had at least one read of gene g. We simulated new
data by drawing reads z,, for gene g in cell s from a Binomial(R;, pys) distribution, where Ry is
the total number of reads in cell s and pgs is the proportion of reads in cell s from gene g. Then,
we simulated each individual by randomly drawing n; cells with replacement from the individual’s
simulated cells. We repeated the process of cell sampling 4 times to simulate 4 cell types. To
vary read depth and cell numbers, we simulated the total number of reads R, = aR; and sampled
n; = bn; cells. We evaluated a = 0.01, 0.1, 1, and 2, and b = 0.5, 1, and 2 (Supplementary Figure
11).

We thegl reconstructed the input to CTMM from the sampled cells. We conducted log-transformation
wgagglo
culated as the mean of transformed counts across all cells per (individual, cell type) pair. Regarding

measurement noise v;. for individual i and cell type c, we first calculated cell-to-cell variance o? as

log, , without the size factor normalization used in the original study(!l. The CTP was cal-

the variance of transformed counts across the n; simulated cells and then calculated v;. = § As
all simulated cell types per individual were drawn from the same pool of simulated cells and had
the same number of cells, they had the same value of v;.. To simulate the estimation error of v;,
we used the same procedure as described in the previous section of Simulation with noisy v.

To extend this framework to simulate the Free model, we permuted C'T'P;, and corresponding
v;. among individuals independently for each cell type. In this way, we broke down the shared
variance between cell types while retaining the total variance for each cell type. The permuted
data is a special case of the Free model where all cell types had equal cell type-specific variance.
To simulate various degrees of cell type-specific variance, we randomly selected a proportion (p) of
individuals and conducted a permutation on them. We evaluated p = 0, 0.2, 0.4, 0.6, 0.8, or 1,
which created cell type-specific variance of 0, 0.2, 0.4, 0.6, 0.8, or 1 for all cell types, while holding
the sum of shared variance and cell type-specific variance to 1.
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4 PBMCs analysis

In order to validate CTMM’s performance on a large, droplet-based sequencing dataset, we analyzed
the peripheral blood mononuclear cells (PBMCs) from Yazar et al. 2], The dataset has been through
a thorough process of quality control and consists of 1.27 million PMBCs from 982 donors and
classified into 14 cell types: CD4+ Naive and Central Memory T cell (CD4x¢), CD4+ Effector
Memory and Central Memory T cell (CD4gr), CD4+ SOX4 T cell (CD4sox4), CD8+ Naive
and Central Memory T cell (CD8y¢), CD8+ Effector Memory T cell (CD8gr), CD8+ S100B T
cell (CD8s1005), Natural Killer cell (NK), Natural Killer cell Recruiting (N Kp), Immature and
Naive B cell (Brn), Memory B cell (Bafem ), Plasma cell (Plasma), Classical Monocyte (Monoc),
Non-Classical Monocyte (Monoyc), and Dendritic cell (DC'). For the one donor with technical
replicates, we only included the replicate with the largest number of cells. For individual-cell type
pairs with 10 or fewer cells, y;. and v;. were set to missing; requiring more than 10 cells is our
general guidance, which we also did in the Cuomo et al. data. We filtered cell types with more
than 10% of missing data, leaving 7 cell types including CD4n¢e, CD4gr, CD8gr, CD8Nnc, NK,
Bin, and Bpjem. We then excluded donors with any missing data, leaving 928 donors. We filtered
genes expressed in less than 10% of the cohort within any cell type, leaving 11,526 genes. We
normalized UMI (Unique Molecular Identifier) counts by log,q (UMI counts per 10,000 + 1) and
then generated CTP expression data (i.e., y;. and v;.). For each gene, we fit CTP expression data
into the Free model with HE after standardizing OP to mean 0 and variance 1. We adjusted for sex,
age, and the first principal component of OP expression. We have binned the cohort into 5-year
interval groups and distinct groups for individuals below 25 and those exceeding 90 years of age.
We also modeled experimental batches as a random effect.

To test the robustness of CTMM on rare cell types, we performed a secondary analysis. We
adopted the same procedure as in the primary analysis, except we filtered cell types with more than
50% of missing data to include two rarer cell types, i.e., Monoc and CD8g199p. After exc luding
donors with missing data, 597 donors remained.

13



Supplementary Table 1. Prior LMM for scRNA-seq data

Pseudobulk | Cross-cell type | Variance
Paper . Inference method

or cell level | variance model | component test
Tung 20173 Cell Hom* No blmer?
Martinez- % ko L6
Jimenez 20175 Cell Pseudo-Free Yes BASICS
Crowell 20207 | Cell Hom No”? bglmer?/Imer®/variancePartition®
Cuomo 2020%° | Cell Hom No LIMIX?
Cuomo 2022 | Cell Pseudo-Full** | No/AA CellRegMap?'?

. . N thods to fit REML and

CTMM Pseudobulk | Free + Full New jackknife test eW methods to i an

method-of-moments

*In the special case where cell types are experimental batches and each batch contains exactly one
donor, the batch effect model is similar to the simplified Free model where all cell types have equal
variance (Supplementary Figure 33). **We use “Pseudo” for models that cannot decompose
interindividual variation: “Pseudo-Free” omits the Hom component because cell types are each studied
separately; “Pseudo-Full” assumes a pre-defined covariance across cell types that is identical for all
genes. ***Applies to N=1 individual at a time. AThe “differential state” test does not distinguish cell
type-specific expression in mean vs variance (x- vs y-axes in Figure 4A). A CellRegMap is a method to
estimate and test eQTLs and does not apply to the variance components in CTMM.




Supplementary Table 2. Parameters used in simulations of the Hom, Free, and Full models.

. . Correlation
Dirichlet Proportions of Ratio of cell type- of cell type-
Sample | distribution of variances explained e Ratio of cell type- o
Model . specific random . specific
size cell type by the four . specific mean
proportions components effect variance random
effect
Hom 100 2,2,2,2) (.25, .5, 0, .25) NA 8:4:2:1 NA
(baseline)
Hom 20 - - - - -
Hom 50 - - - - -
Hom 300 - - - - -
Hom 500 - - - - -
Hom 1,000 - - - - -
Hom - (0.666, 2, 2, 2) - - - -
Hom - (1.05,2,2,2) - - - -
Hom - (4,2,2,2) - - - -
Hom - (2,2,2,2,2,2,2,2) | (.375,.5,0,.125) - 8:8:4:4:2:2:1:1 -
(212l212l2'21 ...........
Hom - 222229) (.42, .5,0,.08) - 8:8:8:4:4:4:2:2:2:1:1:1 -
Free
) 100 (2,2,2,2) (.25, .25, .25, .25) 8:4:2:1 8:4:2:1 NA
(baseline)
Free 20 - - - - -
Free 50 - - - - -
Free 300 - - - - -
Free 500 - - - - -
Free 1,000 - - - - -
Free - (0.666, 2, 2, 2) - - - -
Free - (1.05, 2, 2, 2) - - - -
Free - (4,2,2,2) - - - -
Free - - (.25, .10, .40, .25) - - -
Free - - (.25, .20, .30, .25) - - -
Free - - (.25, .30, .20, .25) - - -
Free - - (.25, .40, .10, .25) - - -
Free - - - 27:9:3:1 - -
Free - - - 2:1:1:1 - -
Free - - - 1:1:1:1 - -
Free - (2,2,2,2,2,2,2,2) | (.375,.25, .25, .125) 8:8:4:4:2:2:1:1 8:8:4:4:2:2:1:1 -
(2,2,2,2,2,2,
Free - 222.22.2) (.42, .25, .25, .08) 8:8:8:4:4:4:2:2:2:1:1:1 | 8:8:8:4:4:4:2:2:2:1:1:1 -
CT1-CT2,
CT2-CT3,
CT3-CT4:
Full 0.9
(baseline) 100 (2,2,2,2) (.25, .25, .25, .25) 1:1:1:1 8:4:2:1 CT1-CT3,
CT2-CT4:
0.7
CT1-CT4:
0.5
Full 20 - - - - -
Full 50 - - - - -
Full 300 - - - - -
Full 500 - - - - -
Full 1,000 - - - - -

‘" indicates the same parameter as in the baseline model
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Supplementary Figure 1. CTMM estimates of cell type-specific variance with varying sample sizes.
Estimates are fit under the Free model, and red dots indicate the true cell type-specific variances. Rows
show different estimation methods. Columns show different inputs to CTMM, either overall pseudobulk
(OP) or cell type-specific pseudobulk (CTP). Box plots indicate the distribution of estimated cell type-
specific variances across 1,000 replicate simulations. Values were truncated to (-30, 30) in HE with OP
and to (-5, 10) in HE with CTP. Box plots show the median and the first and third quartiles. The whiskers
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extend to values within 1.5 times the interquartile range from the first and third quartiles.
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7=0. Estimates are fit under the Free model, and red dots indicate the true cell type-specific variances.
Rows show different estimation methods. Columns show different inputs to CTMM, either overall
pseudobulk (OP) or cell type-specific pseudobulk (CTP). Box plots indicate the distribution of estimated
cell type-specific variances across 1,000 replicate simulations. In HE with OP, values above 20 were
truncated; in HE with CTP, values were truncated to (-5, 10). Box plots show the median and the first
and third quartiles. The whiskers extend to values within 1.5 times the interquartile range from the first
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Supplementary Figure 5. CTMM estimates of cell type-specific covariance with varying sample sizes.
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Supplementary Figure 6. Power of CTMM'’s test of cell type-specific variance with CTP data. The left
column shows simulations under the null Hom model, where there is no cell type-specific variance. The
right column shows simulations under the alternative Free model, where each cell type has its own cell
type-specific variance. Vertical dashed lines indicate parameters used in the baseline models, as listed in
Supplementary Table 2. Each row in order varies sample size (as in Supplementary Figure 2), cell type
proportion (as in Supplementary Figure 5), number of cell types (as in Supplementary Figure 4), and V/,
the proportion of overall variance explained by cell type-specific interindividual variation (as in
Supplementary Figure 3).
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individuals, cell types, and genes. Dashed lines indicate the 10%, 50%, and 90% percentiles.
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Supplementary Figure 9. Power of CTMM in simulations across varying levels of uncertainty in
estimated noise variance (v;.). Vertical dashed lines indicate the 10%, 50%, and 90% percentiles of the
transcriptome-wide distribution of coefficient of variation for v;. in the real iPSCs data. False discovery
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Supplementary Figure 10. Comparison of count distribution between real and simulated scRNA-seq
data. The real data are genes from the iPSC data, and each simulated gene is based on parameters from
one of these real genes (Supplementary Note 1 Section 3.4). We simulated 7202 cells, each
corresponding to a real cell from the cell type “day0”. Each dot in the top panels shows a gene’s
expression mean and variance across cells. The bottom panels show the distribution of the fraction of
zeros per gene across the simulated genes.
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Supplementary Figure 11. Power of CTMM in single-cell gene expression simulations with various
sequencing depths and numbers of cells. False positive rates under different levels of noise of v;. when
varying sequencing depth (A) and cell number (C). Dashed lines indicate the 10%, 50%, and 90%
percentiles of the transcriptome-wide distribution of coefficient of variation for v;. in the real iPSCs data.
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Supplementary Figure 12. Estimated imputation accuracies for cell type-specific pseudo-bulk and
noise variance. Mean squared error (MSE) (A, B) and correlation (C, D) between raw and imputed cell
type-specific pseudo-bulk (A, C) and noise variance (B, D). Each violin shows the distribution across the
transcriptome of 11,231 genes. Softimpute and MVN are two matrix imputation methods. “Gene” refers
to imputing each gene separately; “transcriptome” refers to jointly imputing all genes. MSE(y) was
truncated at 1.5; MSE (v) was truncated at 2. Interior box plots show the median and the first and third
quartiles. The whiskers extend to values within 1.5 times the interquartile range from the first and third

quartiles.
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Supplementary Figure 13. Transcriptome-wide distribution of CTMM results with three estimation
methods and CTP data. Left column shows results across 11,231 genes from the Free model:
homogeneous variance (62) and cell type-specific variances. Right column shows results from the Full
model: correlation between each pair of cell types, with dark blue indicating adjacent cell type pairs and
light blue indicating others. After removing genes with negative variances, ML, REML, and HE have
11,104, 11,122, and 10,032 genes left for correlation calculation. Homogeneous variance and cell type-
specific variances were truncated to (-0.5,2); correlations between cell types were truncated to (-
1.5,1.5). Interior box plots show the median and the first and third quartiles. The whiskers extend to
values within 1.5 times the interquartile range from the first and third quartiles.
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Supplementary Figure 14. Transcriptome-wide distribution of CTMM results with three estimation
methods and OP data. Left column shows results across 11,231 genes from the Free model:
homogeneous variance (62) and cell type-specific variances. Right column shows results from the Full
model: correlation between each pair of cell types, with dark blue indicating adjacent cell type pairs and
light blue indicating others. After removing genes with negative variances, ML, REML, and HE have 1,457,
4,562, and 1,201 genes left for correlation calculation. Values were truncated to (-2, 2) except for the
very noisy bottom-right panel which was truncated to (-5, 5). Interior box plots show the median and
the first and third quartiles. The whiskers extend to values within 1.5 times the interquartile range from
the first and third quartiles.
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Supplementary Figure 15. Transcriptome-wide distribution of p values for differentiation in expression
mean and variance using HE and CTP data. Each dot represents a gene. Dots are colored by the density
of genes in the area, with yellow indicating denser distribution. Dashed lines indicate the significance
threshold after Bonferroni correction. The three purple dots indicate the three maker genes used in
Cuomo et al. to indicate each stem cell differentiation stage, spanning iPSC (NANOG), mesendoderm (7),
and definitive endoderm (GATAG6). The red dot indicates the top signal POU5F1 found here and in REML
with jackknife, which is one of the three core regulators in cell pluripotency.
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Supplementary Figure 16. Quantile-quantile plot of p-value distributions of variance differentiation
and mean differentiation in REML and HE.
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Supplementary Figure 17. Comparison of different tests for cell type-specific variance in REML and HE
with CTP data. Each axis shows —log,, p(variance differentiation). Dashed lines indicate Bonferroni-
adjusted significance thresholds (p = 0.05/number of genes). Wald tests require the precision matrix
for parameter estimates, which is based on either the inverse of the Fisher information matrix (for REML
(Wald)) or jackknife (for REML (JK) and HE). Likelihood ratio tests (LRT) are also shown for REML.
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Supplementary Figure 18. Transcriptome-wide distribution of p values for differentiation in expression
mean and variance using REML and HE with OP data. In REML, p values from Wald test were shown for
mean differentiation, p values from likelihood ratio test (LRT) were shown for variance differentiation. In
HE, p values for mean differentiation and variance differentiation were both from the Wald test. Each
dot represents a gene. Dots are colored by the density of genes in the area, with yellow indicating
denser distribution. Dashed lines indicate the significance threshold after Bonferroni correction. The
three purple dots indicate the three maker genes used in Cuomo et al. to indicate each stem cell
differentiation stage, spanning iPSC (NANOG), mesendoderm (T), and definitive endoderm (GATA®6).
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Supplementary Figure 19. Gene features associated with CTMM'’s interindividual variance test and
ordinary mean differential expression across cell types. Each column shows one of four gene features
divided into deciles across 10,891 genes, with x-axis ticks showing the feature’s median value within
each decile. LOEUF and pLl measure a gene’s susceptibility to loss-of-function mutations, where lower
LOEUF and higher pLI correspond to higher intolerance. Dashed lines in pLI mark pLI = 0.9, a common
cut-off for highly constrained genes (pLI > 0.9). Enhancer number and EDS measure the enhancer
structure nearby a gene, where larger enhancer numbers and larger EDS indicate larger enhancer
domains. Rows show five gene expression properties from CTMM corresponding to interindividual
variance (rows 1-3) and mean expression (rows 4-5) across cell types in the iPSC data. (1) The total
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interindividual variance combines cell type-shared and -specific variance: 62 + ¥, where 1 = Ezgzl V..

is the average cell type-specific variance. (2) The proportion of interindividual variance that is cell type-
v
g2+V’
variance. (4) The variance of cell type-specific mean expression (var(f)). (5) The proportion of genes
with significant mean differences across cell types. Displayed regression p values correspond to two-
sided t-test for a simple meta-regression of each decile’s mean or median against the decile index. Solid

lines indicate significant meta-regressions at p < 0.05, while dashed lines indicate p > 0.05.

specific, defined by (3) The proportion of genes with significant cell type-specific interindividual
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Supplementary Figure 20. Distribution of cell type proportions across 981 individuals in OneK1K.
Interior box plots show the median and the first and third quartiles. The whiskers extend to values
within 1.5 times the interquartile range from the first and third quartiles.
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Supplementary Figure 21. Transcriptome-wide distribution of CTMM p values in OneK1K using HE.
CTMM’s test for cell type-specific interindividual variation is on the y-axis; its test for mean differential
expression across cell types is on the x-axis. Each dot represents a gene, and colors reflect the density of
genes in the area, with yellow indicating higher density. Dashed lines indicate the Bonferroni
significance thresholds. Top right insert: the distribution of p-values from CTMM'’s interindividual
variance test is shown for genes where the p-value for mean differential expression is essentially 0.
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Supplementary Figure 22. Cell type-specific pseudobulk distributions across individuals for RPS26 and
EFHC1 in OneK1K. (A) RPS26 exhibited the strongest signal of variance differentiation among all genes,
and (B) EFHC1 exhibited the largest p-value of variance differentiation among genes with very strong
mean differentiation (p = 0). P-values for testing mean differentiation and variance differentiation were
calculated using the jackknife-based Wald test. The violins represent the distribution of cell type-specific
pseudobulk across 928 individuals after standardizing overall pseudobulk to mean 0 and variance 1;
circles indicate the estimated cell type-specific mean expression; and the dashed lines indicate two
times the variance in each cell type (the sum of the homogeneous variance shared across cell types, o2,
and the cell type-specific variance for that cell type, V7).
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Supplementary Figure 23. Transcriptome-wide distribution of CTMM'’s estimates for cell type-specific
interindividual variance in OneK1K. The homogeneous variance shared across cell types (¢2) and the
cell type-specific variance (V1) are estimated across 11,526 genes from the Free model using HE. Violins
were truncated to (-2, 2) for visibility. Cell types are ordered by cell type proportion. Interior box plots
show the median and the first and third quartiles. The whiskers extend to values within 1.5 times the
interquartile range from the first and third quartiles.
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Supplementary Figure 24. Correlation of cell type-specific interindividual variation across the
transcriptome in OneK1K. Each unit of the heatmap shows the median correlation across the
transcriptome. 2,554 genes with positive cell type-specific variances were included. Cell types are
ordered by average cell type proportions.
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Supplementary Figure 25. Transcriptome-wide distribution of CTMM’s estimates for cell type-specific
interindividual variance in OneK1K including rare cell types. The homogeneous variance shared across
cell types (62) and the cell type-specific variance (Vr) are estimated across 10,768 genes from the Free
model using HE. Violins were truncated to (-2, 2) for visibility. Cell types are ordered by cell type
proportion. Interior box plots show the median and the first and third quartiles. The whiskers extend to
values within 1.5 times the interquartile range from the first and third quartiles.
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Supplementary Figure 26. Correlation of cell type-specific interindividual variation across the
transcriptome in OneK1K including rarer cell types. Each unit of the heatmap shows the median
correlation across the transcriptome. 1,494 genes with positive cell type-specific variances were
included. Cell types are ordered by average cell type proportions.
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Supplementary Figure 27. Transcriptome-wide distribution of CTMM p values in OneK1K including
rarer cell types using HE. CTMM'’s test for cell type-specific interindividual variation is on the y-axis; its
test for mean differential expression across cell types is on the x-axis. Each dot represents a gene, and
colors reflect the density of genes in the area, with yellow indicating higher density. Dashed lines
indicate the Bonferroni significance thresholds. Top right insert: the distribution of p-values from
CTMM'’s interindividual variance test is shown for genes where the p-value for mean differential
expression is essentially 0.
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Supplementary Figure 28. Comparison of CTMM p values for cell type-specific interindividual variation
with and without adding two rare cell types. Each dot represents a gene. Dots are colored by the
density of genes in the area, with yellow indicating higher density. Dashed lines indicate the Bonferroni
significance threshold. Adding rare cell types generally hurts power, but it adds significant power for
many genes where interindividual variation is primarily concentrated in the rare cell types.
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Supplementary Figure 29. Cell type-specific pseudobulk distributions across individuals for RP$26 in
OneK1K including rarer cell types. The violins represent the distribution of cell type-specific pseudobulk
across 597 individuals after standardizing overall pseudobulk to mean 0 and variance 1; circles indicate
the estimated cell type-specific mean expression; and the dashed lines indicate two times the variance
in each cell type (the sum of the homogeneous variance shared across cell types, 62, and the cell type-
specific variance for that cell type, Vor). P-values for testing mean differentiation and variance
differentiation were calculated using the jackknife-based Wald test.
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Supplementary Figure 30. Cell type-specific pseudobulk distributions across individuals for TMEM176B
in OneK1K including rarer cell types. The violins represent the distribution of cell type-specific
pseudobulk across 597 individuals after standardizing overall pseudobulk to mean 0 and variance 1;
circles indicate the estimated cell type-specific mean expression; and the dashed lines indicate two
times the variance in each cell type (the sum of the homogeneous variance shared across cell types, o2,
and the cell type-specific variance for that cell type, V.r). P-values for testing mean differentiation and
variance differentiation were calculated using the jackknife-based Wald test.
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Supplementary Figure 31. Comparison between the top and bottom genes differentiated in variance
in iPSCs. We selected the top (highest differentiation) 1,000 and bottom (lowest differentiation) 1,000
genes based on p values for CTMM'’s test of cell type-specific interindividual variation using REML (JK),
while also requiring top genes to be significant in HE for robustness. We compared their properties in
terms of each gene’s (A) average overall pseudobulk expression across all individuals, (B) average cell
type-specific pseudobulk expression across all individuals, (C) variance of overall pseudobulk over
individuals, and (D) differentiation in mean expression across cell types. For statistical testing, p values
for differences in (A), (B), and (C) were assessed using a two-sided t-test, while the difference in (D) was
evaluated using a two-sided Mann-Whitney U rank test. Interior box plots show the median and the first
and third quartiles. The whiskers extend to values within 1.5 times the interquartile range from the first
and third quartiles.
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Supplementary Figure 32. False positive rate in CTMM due to mean-variance dependence across cell
types. Simulations use the same framework as in Supplementary Figure 11 with known v (left side of
Supplementary Figure 11, panels A and C). (A) CTMM is unbiased regardless of the fold change in the
absence of true interindividual variation (Null model). To realistically simulate from this Null model, we
shuffled cells across individuals to remove all interindividual variation. (B) CTMM can be inflated for low-
expressed genes under the Hom model, where interindividual variation does exist but is entirely shared

across cell types. Low/Medium/High indicate tertiles of total expression across the studied genes.
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Supplementary Figure 33. Power of CTMM'’s test of cell type-specific variance when constraining all
cell types to have the same level of cell type-specific variance. The left column shows simulations
under the null Hom model, where there is no cell type-specific variance. The right column shows
simulations under the alternative Free model, where each cell type has its own cell type-specific
variance.
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Supplementary Figure 34. Increase of inferred maximum likelihood in ML with OP after refining BFGS
solution with Nelder-Mead algorithms. The same simulated OP data from the Free baseline model (with
parameters shown in Supplementary Table 2) was fit by ML and optimized using BFGS alone or a
combination of BFGS followed by Nelder-Mead. Both BFGS and Nelder-Mead algorithms are
implemented using the R function ‘optim’.
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Supplementary Figure 35: CTMM'’s robustness to the threshold on the minimum number of cells per
(individual, cell type) pair. When this number is not above the cutoff, the corresponding entry of the
pseudobulk matrix is set to missing and then imputed. Plots compare CTMM'’s p-value in our primary
analysis (x-axis), which requires 10 cells per (individual, cell type), to the CTMM p-value obtained when
this is decreased to 5 (y-axis, panel A) or increased to 20 (y-axis, panel B). The numbers indicate the
number of genes in each quadrant, which are defined by vertical and horizontal lines indicating
Bonferroni-significance.
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